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AIT  IITVESTIGATIOIT  OF 
HEIITFORCED  STEEL  COLUiCLTS 


I IITTROFJGTIOIT 

1 - Use  of  Reinforced  Steel  Goluinns.  Reinforced 
concrete  Luilding  construction  has  reached  a stage  in  its 
development  where  its  advantages  and  disadvantages  are  be- 
coming well  known.  It  is  now  tending  to  assume  types 
more  or  less  fixed  and  to  attain  fixed  standards  of  design. 

The  limitations  of  current  design  are  also  coming  to  he 
recognised  and  methods  are  being  sought  bj)^  which  such  limit- 
ations may  be  overcome.  In  the  case  of  very  high  or  very 
heavily  loaded  buildings  the  columns  tend  to  assume  prohibi- 
tive size.  In  office  buildings  they  can  no  longer  be  conceal- 
ed in  x^artitions,  and  in  warehouses  they  occupx^’  much  space 
and  obstruct  free  passage.  At  present  this  difficulty  is 
overcome  in  part  by  the  use  of  extremely  high  unit  working 
stresses,  warrant  for  this  use  being  based  on  the  presence  of 
a large  amount  of  sx)iral  reinforcement.  Tests  show  that 
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such  reinforcement  does  furnish  the  requlre'i  factor  of  safety 
of  column  strength,  hut  they  shov/  no  less  conclusively  that 
the  excessive  deformation  which  occurs  in  columns  so  reinforced 
before  this  carrjring  capacity  is  realized,  makes  the  use  of 
these  high  working  stresses  questionable  on  account  of  the 
effect  on  other  parts  of  the  structure.  ’'lien  this  is  more 
fully  realized,  it  wou^-d  seem  that  for  certain  types  of 
buildings  some  substitute  must  be  found  for  our  present  rein- 
forced concrete  column,  which  will  have  grovm  to  excessive 

I 

dimensions. 

Previous  to  the  introduction  of  reinforced  concrete  the 
standard  building  column  was  of  structural  steel,  and  this 
type  remains  today  for  many  purposes  the  favored  and  best 
adapted  construction.  In  size  it  is  entirely  satisfactory. 

Its  cost  is  soraev7hat  higher  than  that  of  the  reinforced  con- 
crete column.  It  must  also  be  protected  from  damage  by 
rust  and  by  fire.  During  the  past  few  years  a tendency 

has  developed  among  designers  to  replace  the  large  reinforced 
concrete  column  bj?-  the  relatively  small  structural  steel 
column.  In  doing  this  the  fire  protection  of  tile  commonly 
associated  with  steel  construction  has  been  replaced  by  a 
solid  core  and  covering  of  concrete,  The  properties  of  a 
column  so  constituted,  in  which  the  steel  forms  a considerable 
portion  of  the  volume  and  affords  the  major  portion  of  the 
load  carrying  capacity,  have  been  but  slightly  investigated 
and  at  the  present  time  but  little  data  exists  on  which  to 
base  intelligent  design.  The  object  of  the  tests  herein 
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described  was  to  provide  snoh  data  on  one  particular  section 
and  type  of  coliinn.  The  attention  has  been  concentrated  on 
one  section  and  type  in  the  belief  that  a thoro  testing  of 
one  type  is  of  more  value  that  an  enual  effort  divided  among 
several  types  of  column. 

2 — Present  Standards  of  Pesign.  In  the  design  of  a 
structural  steel  column,  filled  with  concrete,  there  exist 
two  points  of  view  quite  sharply  differentiated  in  principle. 
?rom  one  point  of  view  the  concrete  simply  affords  to  the 
steel  protection  from  fire  and  corrosion.  It  is  maintained 
that  the  additional  strength  afforded  by  the  concrete  is  not 
considerable  in  amount  and  is  not  available  for  design. 
Holding  this  viev;  it  would  seem  most  logical  to  employ  a good 
quality  of  cinder  concrete  for  column  protection,  because  of 
its  superior  fire  resisting  qualities.  From  the  second 

point  of  view  it  wopld  seem  that  if  the  concrete  be  present 
it  must  act  in  unison  with  the  steel  and  that  its  strengthen- 
ing effect  and  its  effect  on  the  permissible  deformation  of 
the  column  should  be  taken  into  account.  It  is  maintained 
that  an^T-  load  applied  to  the  column  will  be  divided  between 
the  steel  and  the  concrete  and  hence  the  column  must  properly 
be  designed  as  a reinforced  steel  column.  Our  present 
building  codes  afford  little  comfort  to  designers  holding 
this  second  view  point  — almost  universally  it  is  ruled  that 
that  columns  of  structural  steel  filled  with  concrete,  in 
which  the  steel  forms  eight  per  cent  or  over  of  the  core 
section,  shall  be  designed  as  steel  columns  without  allowance 
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for  the  concrete.  In  a fev/  cases  no  limitation  of  this 
nature  is  specified,  but  full  steel  stresses  are  permitted 
if  the  concrete  is  not  considered,  v/hile  only  ten  or  twelve 
times  a ver^r  low  concrete  stress  is  permitted  in  the  steel 
if  the  concrete  is  considered  as  stressed.  This  latter 

provision  is  no  less  drastic  than  the  explicit  prohibition 
of  dependence  upon  a strength  in  the  concrete.  Our  present 
buildings  in  which  reinforced  steel  colurans  have  been  used 
have  generalljr  been  designed  on  the  plain  steel  basis.  The 
whole  question  involved  may  be  stated  in  two  parts:  fl)  Shall 
any  allowance  be  made  for  the  strengthening  effect  of  the 
C07icrete  in  reinforced  steel  columns;  and  (2)  If  so,  how 
great  shall  this  allov/ance  be  and  in  what  form  shall  it  be 
expressed?  The  series  of  tests  described  in  this  thesis 
was  planned  to  answer  these  questions  for  the  particular  type 
of  column  investigated.  It  is  believed  that  the  results  are 
quite  generalljr  applicable,  also,  to  other  types  not  var^’-ing 
greatly  from  the  one  investigated.  It  is  hoped  that  the 
fundamental  principles  underlying  the  design  of  reinforced 
steel  colurans  may  be  better  understood  from  a consideration 
of  the  data  obtained  by  these  tests  and  by  such  other  tests 
as  are  available  for  compa.rison. 

3 — Previously  Published  Test  Data.  The  tests  previous— 

Ij^  undertaken  have  been  exceedingly  limited  and  incomplete  on 

account  of  the  fact  that  they  have  been  in  all  cases  side 

excursions  and  not  the  main  subject  of  the  investigation. 

corriposed 

During  the  year  1908  ten  columns ^of  latticed  angles  were  test- 
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ed  at  the  University  of  Illinois.  In  this  series  there  were 
raan3r  variables  — per  cent  of  reinforcement,  arrangement  of 
latticing,  thickness  of  protective  shell  - so  that  no  one 
feature  was  thoroly  investigated  and  the  results  are  not  very 
conclusive.  Uo  plain  steel  columns  were  tested  ^without 
a concrete  filling)  and  hence  no  good  basis  exists  for  com- 
puting the  strengthening  effect  of  the  concrete.  At  the 
University  of  Tisconsin  five  steel  columns  of  one  type  of 
latticed  angle  construction  were  tested  in  1908,  one  being 
pls-i^  steel  and  four  filled  with  concrete.  The  series  is 
valuable  but  not  sufficiently  extended  to  satisfy.  In  both 
of  the  above  mentioned  series  the  percentage  of  steel  was 
quite  low,  in  no  case  exceeding  six  per  cent,  and  the  columns 
are  more  truly  reinforced  concrete  than  reinforced  steel. 

In  Germany  Ur.  von  Emperger  published  in  1908  the  results  of 
a series  of  tests  on  specially  designed  steel  columns.  The 
investigation  was  intended  to  study  simply  the  steel  columns, 
but  later  it  was  decided  to  fill  some  of  the  tested  columns 
fnot  appreciably  bent)  with  concrete  and  retest  them.  The 
steel  percentages  in  some  cases  were  quite  high  and  the  tests 
are  illuminating  although  very  limited  in  number  and  somewhat 
lacking  in  completeness  as  published.  The  aforementioned 
tests  will  be  discussed  in  succeeding  paragraphs  and  the 
results  compared  with  those  obtained  in  this  investigation, 
ihe  brief  statement  given  above  discloses  the  scarcity  of  data 
which  confronts  the  designer  who  wishes  to  design  reinforced 
steel  columns  and  secure  their  acceptance  bjr  the  city 
building  departments. 
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4 — Influences  Affect  inf;  Test  Results , In  any  discus- 
sion of  tests  and  test  data  it  is  well  to  have  in  mind  the 

effect  which  test  conditions  may  have  upon  the  results.  In  I 

1 

I 

raanjr  cases  such  important  information  does  not  accompany  the  I 

publication  of  the  data.  The  speed  at  which  the  testing 
machine  is  operated  during  the  test,  the  manner  of  applying  ! 

the  load,  the  condition  of  the  ends  of  the  specimen  as 
affecting  the  distribution  of  load  over  the  section,  and 
the  relative  amount  of  fixidity  at  the  two  ends  of  the  column 
are  factors  frequent Ij^  very  lightly  regarded  but  which  may 
have  a verj?-  important  bearing  on  the  proper  interpretation 
of  the  test  data.  In  a succeeding  paragraph  the  effect  of 

I 

these  conditions  will  be  more  fully  treated.  At  this  point 
it  is  sufficient  to  note  that  these  conditions  must  be  held 
in  mind  in  planning  and  in  executing  a series  of  experiments 
siich  as  this,  and  also  in  applying  the  data  found  in  the 
course  of  the  investigation. 

^ ~ -Qi^ts  Under  Investigation  in  this  Series  of  Tests. 

The  investigation  has  been  planned  with  the  object  in  view 
of  securing  information  on  the  follov/ing  principal  points,  for 
the  particular  section  and  type  of  column  tested:  fa)  the 

effect  of  length  and  slenderness  on  the  strength  of  plain 
steel  coliimns;  fb)  the  effect  of  length  upon  the  strength  of 
similar  columns  filled  with  concrete;  !'c)  the  effect  of  fill-  i 
ing  the  core  with  concrete  of  various  mixtures  and  strengths; 
fd)  the  effect  of  adding  a protective  coat  (fireproofing)  of 
concrete  upon  the  strength  of  the  column,  and  the  action  of 
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this  coat  Tinder  load;  ( e)  the  effect  of  enclosine;  the  colunn 
within  a wire  spiral  upon  the  strength  and  stress-deformation 
relations  of  the  colunn.  As  the  total  numher  of  columns 
tested  was  only  thirty-two  it  is  evident  that  even  the  most 
careful  planning  could  not  provide  for  the  complete  answering 
of  these  questions,  hut  it  is  believed  that  for  this  partic- 
ular section  and  type  of  column  a very  satisfactory  idea  may 
he  obtained  of  the  effect  of  the  conditions  mentioned. 

6 - Aclmowledg-icents  . The  writer  desires  to  express 
his  appreciation  of  the  action  of  the  Illinois  Steel  Company 
in  supplying  the  specimens  required  for  a satisfactory 
investigation.  The  spirals  for  the  six  enclosed  columns 
were  furnished  by  the  American  System  of  Concrete  Reinforcing 
of  Chicago. 

In  the  planning  of  the  series  of  tests  most  helpful 
assistance  has  been  rendered  by  Professor  A.  U.  Talbot.  The 
concreting  of  the  specimens  has  been  supervised  by  Ilr.  P.  A. 
Abrams,  and  in  the  work  of  testing  the  writer  was  assisted  a 
large  part  of  the  time  by  lir.  R.  K.  Steward.  To  all  these 
gentlemen  and  to  other  members  of  the  laboratory  staff  the 
writer  desires  to  acknowledge  his  indebtedness  for  valuable 
assistance  cheerfully  rendered. 

The  tests  v/ere  made  in  the  600  000  pound  testing  machine 
in  the  laboratory  of  applied  mechanics  of  the  University  of 
Illinois,  and  constitute  a portion  of  the  work  of  the 
Engineering  Experiment  Station  for  the  year  1910  - 1911. 
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Four  of  the  six  columns,  reinforced  V7ith  spirals,  the 
strength  of  which  exceeded  the  capacity  of  the  Unirersity 
of  Illinois  testing  machine,  were  sent  to  Lehigh  University 
to  be  tested  in  their  larger  machine,  in  which  a load  of 
830  000  pounds  could  be  applied.  This  service  was 
rendered  freely,  and  the  writer  desires  to  aclmov/ledge  his 
especially  indebtedness  to  the  gentlemen  of  the  Civil 
Engineering  Department  of  Lehigh  University,  and  to 
Ilr.  S.  II.  Ingberg  in  particular,  for  their  valuable 
assistance  in  this  matter. 
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II  IIATEKIALS,  TEST  PIECES.  A]ID  IvISTEOPS  OF  TESTIHG 


7 - Materials  and  Their  Properties . The  materials  used 
in  the  preparation  of  the  test  specimens  were  all  of  the 
grade  employed  in  first  class  building  construction.  The 
properties  in  so  far  as  they  have  been  made  the  subject  of 
special  investigation  are  given  in  the  following  paragraphs. 

Cement . The  cement  used  v/as  furnished  by  the  Universal 
Portland  Cement  Company  from  stock  and  is  representative  of 
the  reliable  brands  used  in  construction.  Three  samples  Vi/ere 
tested  at  various  times  during  the  progress  of  the  construction 
of  the  specimens.  The  following  table  gives  the  results 
of  the  briq^uette  tests,  each  result  being  the  average  of  five 
briquettes  tested. 

Standard  Briquette  Tests  of  Cement. 

Tensile  Strength  in  Pounds  per  Sq.  Inch 


Mixture 

Sampl 
7 da. 

e !Jo . 1 
28  da. 

Sample 
7 da. 

Uo.  2 
28  da. 

Sampl 
7 da. 

e Uo.  3 
28  da. 

Beat  Cement 
1 : 3 

589 

674 

684 

709 

653 

731 

Standard  Sand 
1 : 3 

198 

278 

227 

283 

240 

319 

Sand  Used 

265 

323 
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Fineness  Test  of  Cement. 

Sieve  Per  Cent  Passing 
50  98.9 

100  96.5 

200  8E.5 

The  initial  set  as^  determined  by  the  Vioat  ITeedle  was 
observed  to  occur  in  1 hour  20  minutes,  and  the  final  set  in 
4 hours  40  minutes.  All  the  tests  v/ere  passed  in  a manner 
to  fuller  satisfy  the  standards  adopted  for  cement  in  this 
country. 

Sand.  The  sand  used  v/as  torpedo  sand  from  Attica, 
Indiana.  It  was  of  good  quality,  fairly  sharp,  clean,  and 
well  graded.  It  combined  with  the  cement  used  in  a very 
satisfactory  manner  giving  a higher  briquette  test  than  did 
the  same  cement  with  standard  sand  (Ottav/a  testing  sand). 

It  was  from  the  same  locality  and  of  the  same  quality  as  the 
sand  used  in  making  reinforced  concrete  test  specimens  for 
several  years  at  the  University  of  Illinois, 

Stone . A good  quality  of  rather  hard  limestone  from 
Ilankakee,  Illinois,  v;as  used,  being  ordered  to  pass  thru  a 
1— inch  and  over  a l/4— inch  screen.  It  is  representative 
01  the  stone  most  used  in  building  construction  of  reinforced 
concrete  in  Illinois,  and  the  same  as  has  been  used  in  the 
previous  experimental  work  of  the  station.  Ho  special 
tests  were  made  to  determine  its  voids.  In  the  columns 
tested  the  failure  did  not  appear  to  result  from  the  crushing 
or  breaking  of  the  stone  in  any  case. 
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Proportions . Table  1 gives  the  proportions  of  the 

various  naterials  used  in  the  different  hatches  of  concrete 
from  which  thesis  columns  v/ere  made.  The  proportions  are 
by  weight  in  all  cases  — for  the  approximate  proportions  by 
parts  or  volumes  see  Table  3,  page  28. 


Taole  1. 

Concrete  Proportions  by  TTeight 


Column 

Proportions 

Column 

Proportions 

Column 

Proportions 

8907 

1:2.16:5,55 

8925 

1:2.04:5.54 

8931 

1 : 2-,  07 :5 , 60 

08 

1:2.05:5.55 

25 

1:1.06:1.81 

55 

1:2-.  08: 5'.  61 

12 

1:2.16:5.55 

26 

1:1. 04:1-.  76 

54 

1:2-.  02: 5-.  51 

15 

1:2.05:5.55 

27 

1:5.14:5.43 

35 

1:1,55:3,61 

17 

1:2.11:5.56 

28 

1:3.02:5.30 

56 

1:2'.02:5.56 

18 

1:1.88:5.62 

29 

1:2-.  04:5.52 

57 

1:2.04:5.52 

8922 

1:2.09:3.42 

8950 

1:2.15:5.60 

8938 

1:2.08:5.67 

Steel.  The  steel  used  in  the  manufacture  of  the 
columns  was  ordinary  open-hearth  structural  steel.  The 
columns  v/ere  fabricated  at  the  Horth  Works  of  the  Illinois 
Steel  Company  on  the  same  basis  as  a commercial  order. 

Two  compression  tests  of  flanges,  composed  of  tv/o  5x2  l/2 
X 5/l6  in,  angles  riveted  back  to  back,  thirty— two  inches 
long,  gave  ultimate  compressive  strengths  of  40  000  and 
59  500  pounds  per  square  inch.  The  stress— deformation 
curves  began  to  bend  at  about  25  000  pounds  per  square  inch 
and  the  modulus  of  elasticity  as  calculated  from  the  straight 
portion  of  the  stress— deformation  curve  was  27  400  000  and 
52  400  000  pounds  per  square  inch  for  the  two  specimens. 

Two  similar  flanges  7 ft.  10  in.  long  gave  crushing  strengths 
of  51  800  and  54  100  lb.  per  sq.  in.,  straight  line  stress- 
deformation  curves  up  to  about  20  000  lb.  per  sq.  in.,  and 
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a computed  modulus  of  elasticity  of  30  000  000  lb.  per  sq.  in. 
for  both  specimens.  The  test  observations  are  given  in  full 
on  page  19,  and  the  stress— deformation  curves  on  pp.  20  to  23. 
The  data  is  also  tabulated  in  the  general  summary  sheet 
(folded  insert).  A plain  steel  column  of  the  full  section 
two  feet  long  gave  a crushing  strength  of  37  500  lb.  per  sq. 
in.  and  a computed  modulus  of  elasticity  of  34  250  000  lb. 
per  sq,  in. 

Tension  tests  of  1 l/2  x 5/l6  x 18  in.  specimens,  cut 
from  an  untested  flange,  gave  the  following  results. 

Tension  Teste  of  Steel. 

Specimen  ITo.  Ultimate  Strength  Yield  Point 

1 57  800  37  800 

67  600  41  800 


fin  lb.  per  sq. 
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TESTS  OF 

CCI^ESSSIOIJ  SPEGIMEiTS  FROM  FLAITGES 


1^0.  1 ^To.  S ITo.  3 ITo.  4 


Load 

Average 

Unit 

Unit 

Unit 

Applied 

Unit  Lef 

. Load 

Lef. 

Load 

Lef. 

Load 

Lef. 

1000 

.00000 

1000 

.00000 

600 

.00000 

500 

.00000 

5000 

2 

5000 

4 

5000 

4 

5500 

1 

10000 

9 

11000 

8 

15000 

15 

15200 

12 

15500 

15 

17000 

16 

25000 

29 

25000 

21 

20750 

20 

24700 

24 

35000 

39 

35600 

32 

30500 

31 

32500 

31 

45800 

50 

45500 

42 

38000 

39 

40500 

40 

55400 

59 

55300 

52 

45300 

46 

47500 

47 

65400 

72 

65200 

61 

53500 

54 

54700 

55 

75600 

84 

75300 

71 

60000 

61 

63000 

63 

85000 

96- 

85600 

84 

67000 

69 

70500 

71 

95000 

107 

95000 

93 

74800 

77 

77200 

78 

105000 

121 

105200 

108 

8200C 

85 

84800 

86 

115300 

146 

115000 

126 

90300 

95 

94000 

99 

125000 

208 

125000 

169 

97500 

103 

100000 

106 

1CV500 

116 

103400 

Ult. 

lie 8 00 

Ult. 

128200 

Ult. 

130000 

Ult. 

Length : 

94” 

Length: 

95” 

Length: 

32” 

Length : 

32  1/4 

L/r  . . 

. 100 

L/r  . . 

. ICO 

L/r  . . 

. 34.5 

L/'r  . . 

. 34.7 

G , Jj , , 

. 40” 

G.L.  . 

. 40” 

G.L.  . 

OO’T 

G.L.  = Gauge  Length 


iiailiire  oi  Inos.  1 and  2 occurred  hv  "bending  and  was  very 
gradual.  Bend  was  s^rininetrical  a"bout  center  of  length. 

’-I  • r ^ 

Failure  of  ITos.  3 and  4 occur/fed  by  straightening  out  of  angles 
between  tie  plates  and  was  auite  gradual. 
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8 - Detail  of  Colu>!iii  Tested  and  of  Seotlons  Used.  The 
type  of  coluran  selected  for  this  opening  investigation  of 
^^i^fo^oed  steel  colnninr.  was  chosen  hecanse  of  its  previous 
use  in  reinforced  concrete  buildings,  its  evident  fitness  for 
such  use,  and  its  availability  for  use  by  all  designers  with — 
out  question  of  patent  royalties.  The  colunms  were  all 
alike  in  section,  being  a Gray  type  composed  of  8 angles 
3 T 2 1/E  X 5/16  in.  tied  at  intervals  of  16  in.  by  5 l/s 
X 1/4  in.  plates  as  detailed  in  Fig.  1,  page  25.  The 
section  was  proportioned  from  similar  columns  employed  in 
recent  .building  construction,  being  very  nearly  a model  of 
two  late  Chicago  designs.  Table  2 shows  the  comparison 
between  a test  column  and  the  columns  used  in  the  Studebaker 
Building  in  Chicago. 


Table  2 


Comparison  of  Coluran  Properties 


Item 


STUDEBATHTR 

BUILDIKG 


Outside  dimensions  columns 
Size  of  Angles  used 


6 X 4 X 1/2  in.  5x2  l/2x5/l6  in. 
38.8  sq.  in.  13.0  sq.  in. 

IT. 3 10.8  fo 

9 X 3/8  in.  5 l/2x  l/4  in. 


16  X 16  in.  12  x 12  in. 


Area  of  longitudinal  steel 
Per  cent  of  core  octagon 


Dimensions  of  batten  plates 
Distance  (l)  between  rivets 


ween  rivets  24.0  in. 


13.6  in. 


Pad.  of  Gyr.  2 angles  b.  to  b.  1.5  in. 
Slenderness  ratio  betw.  battens  16.0 


0.95  in. 


14.2 


(Continued  - page  26) 
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PIG.  1 - DETAILS  OF  TEST  COLUI-nTS 


' JJ'Csn 


Table  2 


^ Continued ) 


26 


Item 


STUDE3AKEH 

BUILDIITG 


THESIS 

COEUIIHS 


Length  of  eoliinn  considered  clear  12  ft. 
Hadius  of  gyration  of  column  4.6  in. 


10  ft 


Slenderness  ratio  for  column 


31.3 


30.8 


Hatio  of  length  to  core  diameter  9,0 


10.0 


The  columns  were  fabricated  at  the  Horth  Works  of  the 
Illinois  Steel  Company  in  Chicago  and  shipped  to  the  university 


milled  as  is  common  in  building  construction  and  the  entire 
fabrication  v/as  handled  on  a strictly  commercial  basis,  no 
especial  care  being  taken  and  the  resulting  columns  being  in 


from  presenting  a true  bearing  and  in  the  case  of  the  shortest 
columns  had  to  be  somewhat  modified  in  the  laboratory  fby 


Ten  columns  were  tested  practically  as  received  and  these  are 
noted  as  "plain  steel"  in  the  schedule  given  in  the  summary 


the  column  with  concrete  the  standard  section  used  was  that 
noted  as  "core  section"  in  the  table  and  shown  in  outline  in 
Fig.  1,  page  25,  in  which  the  concrete  was  entirely  confined 
within  the  angles  forming  a solid  octagon  five  inches  on  a side. 
This  section  was  adopted  as  a standard  because  it  was  believed 
v/isest  to  obtain  the  larger  part  of  the  data  on  the  actual 
effective  section  which  is  considered  in  design,  rather  than 


during  the  summer  of  1910.  The  ends  of  the  columns  were 


no  sense  exceptional.  The  ends,  although  milled,  w/ere  far 


sheet  (folded  insert).  For  studying  the  effect  of  filling 
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upon  the  fireproofed  oolumn.  For  coinparative  purposes, 
hov/ever,  three  columns  were  made  with  two  inches  of  fire 
protection  outside  the  steel,  and  the  action  of  this  fire 
resisting  shell  under  load  was  studied.  The  effect  of 
various  mixtures  of  concrete  upon  the  strength  of  the  core 
section  was  sought  hy  the  testing  of  two  columns  each  of 
1:1:2  and  1:3:6  mixtures  and  comparing  them  with  like 
columns  of  the  standard  1:2:4  mixture.  In  six  columns  the 
steel  was  enclosed  within  a wire  spiral  and  filled  with 
concrete  to  the  face  of  t<he  spiral.  The  percentages  of 
spiral  reinforcement  used  were  0.75  ^ and  1.0  fo.  The 
outlines  and  dimensions  of  the  various  sections  used  are 
shown  in  Fig.  1.  The  percentage  of  the  structural  steel 

to  the  v/hole  column  area  varies  with  the  different  sections, 

"being  10.8  ^ for  the  Core  Section,  6.1  ^ for  the  fireproofed 
section,  and  8.5  ^ for  the  spiraled  columns.  The  summary- 
sheet  shov/s  the  n-umher  of  columns  of  each  type  of  section 
which  were  su"bmitted  to  test. 

9 — Making  of  Col-umns . The  forms  for  the  core  section 
were  extremely  simple  inasmuch  as  the  concrete  was  confined 
to  the  octagon  determined  "by  the  edges  of  the  steel  flanges. 

Four  planks  of  the  correct  length  were  placed  in  a vertical 
directly  against  and  closing  the  openings  "between  the  flanges 
and  were  held  in  position  hy  means  of  yokes.  For  the  fire— 
proofed  columns  octagonal  forms  of  wood  were  huilt  giving  the 

I 

required  two  inches  of  clearance  over  all  faces.  For  the 

i 

spiraled  sections  metal  forms  were  placed  directly  against 

I 
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Col.  Ho. 

8902 

8905 

06 

8907 

08 

8910 

11 

8912 

13 

8914 

3915 

16 

8917 

18 

8920 

21 

8922 

23 

8925 

26 

8927 

28 

8929 

30 

31 


Table  3 

Schedule 

of  Coluinns 

Length 

Mixture 

Age  Lays 

Lescript: 

2' 

- 0” 

• • • 

• • 

Plain  Steel 

4’ 

- 8^’ 

• * • 

• • 

Plain  Steel 

4’ 

- 8” 

1:2:4 

60 

Core  Section 

59 

10’ 

- 0" 

• • • 

• • 

Plain  Steel 

10’ 

- 0” 

1:2:4 

60 

Core  Section 

62 

10’ 

- 0” 

• • * 

# • 

Plain  Steel 

15’ 

— 4” 

• • • 

* • 

Plain  Steel 

15’ 

- 4” 

1:2:4 

61 

Core  Section 

59 

19’ 

- 4” 

• • • 

• • 

Plain  Steel 

19’ 

- 4” 

1:2:4 

60 

Core  Section 

60 

10’ 

- 0” 

1:1:2 

61 

Core  Section 

60 

10’ 

- 0” 

1:3:6 

59 

Core  Section 

60 

10’ 

_ o’t 
w 

1:2:4 

60 

2”  Pireproofi 

10’  - 0"  1:2:4 


3/4  ^ Spiral 


8937 

38 


10’  - 0”  1:2:4 


60  1 ^ Spiral 

59 

Further  data  will  be  found  in  general  sunrnary  sheet  f folded) 


Thesis  of  /7/?THUf?  Loro 


im 


/7n  Invest/ GffTioNorRE I hfo/^ced  3teel  Columns 


CuMMFEr  OF  Reduced  Test  Pft/J 


/Vb.  ^ss<Tj^//=^r/o/v 


i 

(S 


/vro  Mca/^Eu  7- 


1/l  T/f-h^ra  L 0/70 


(Jn/t\  Lo/jd 


Co/7c/?aTa 

/a/  3^reni^-f/7 

UoLLfAff7  G"  Ftybes 

F/~sa  % £oUa.  90ela 


IffTaa’EL 

Steel 


Sir  SV6" 

Cyl/ncl&rs 

soda.  °l‘‘ 


8002 

2-0 

£.  / 

/3 

437300 

8 003 

</» 

4-8 

/4.4 

/3 

440  200 

oe 

So 

c/o 

/4  4 

/3 

440000 

07 

4o. 

/zo 

/07 

89.2  /795 

/ 350 

377  000 

08 

So. 

So. 

/20 

/07 

- Z436 

zeB 

/ 

/490 

802000 

80/0 

/o  - 0 

30.8 

/3 

4/0400 

/ / 

4o 

t/o. 

30.8 

/3 

42S800 

/2 

^or-9  0atr//oFr 

do- 

/ZO 

/or 

» /r9s 

/330 

3/0  000 

/3 

0/0. 

do. 

/zo 

/07 

'•  Z43C 

«> 

ki 

J 

/490 

384  700 

/4 

P/a/r*  S"/^^/ 

do 

30.  a 

/3 

4Z40  00 

39/5 

So- 

/5  -4 

47.  z 

/3 

383  000 

/a 

^0. 

do 

47.Z 

/3 

376  000 

17 

^or-*-  Swe^torj 

dm 

/zo 

/or 

- /4ZZ 

//4Z 

4as3oo 

/a 

So 

do- 

/20 

/07 

. Z/49 

ze6 

\o 

/Z64 

332200 

3020 

^/at^  S 7^«r/ 

/9  - 4 

S9.S 

/3 

374  200 

2/ 

o'o- 

do. 

S9.S 

/3 

545000 

22 

O'oF'm-  S^o-//or> 

do. 

/zo 

/07 

" /3Z4 

07a 

49/400 

23 

^0. 

do. 

/20 

/or 

- /072 

zot 

8 

J / S3 

403300 

802S 

^0. 

/o  -0 

/20 

/or 

. Z97Z 

. 

Z4Z6 

83aooo 

28 

do. 

/20 

/or 

• 3zae 

40C0 

L 2S2S 

833000 

8027 

c7o 

do 

/20 

/or 

a /32a 

/ao 

0 

1 70S 

5/6  000 

za 

</o. 

do. 

/zo 

/or 

« /4  34 

/74s 

L 663 

300300 

a9Z9 

2 **F/n^/>rooff'r7€f 

do 

2/3 

200 

93.9  /reo 

ZS8Z 

/37Z 

' 

800000*- 

30 

do. 

do- 

2/3 

200 

a 20  26 

Z740 

/336 

I 830700  ^ 

3/ 

do.^ 

do. 

2/3 

200 

- /G7S 

2280 

/zao 

833700 

8033 

S4tr^/  JS^'C^'OO 

do 

/S3 

/40 

9/.S  /438 

200 

0 

//64- 

0.23 

2 

0.75  600000. 

34 

do. 

dm- 

/S3 

/40 

" 2070 

Z3S5 

' /34Z 

a 

2 

S60000 

35 

do. 

dm. 

/53 

/40 

- 2/^3 

zrzo 

/330 

» 

2 

- 330  000-h 

38 

do. 

do. 

/S3 

/40 

» /ras 

z/a 

0 

\ //O0 

2 

- 800000*- 

a»»7 

do. 

do. 

/S3 

/40 

/ez4 

2000'* 

\ ./F  65 

/.S 

AO  330 000 f 

38 

do. 

do. 

/33 

/40 

»*  /08S 

zaao 

\ N/zo 

/.s 

/.O  387  OOO/- 
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the  wire  spiral  and  held  in  place  hy  bands  as  shown  in  Fig.  1 
Bulletin  Ho.  20.  University  of  Illinois  Engineering  Experiment 
Station. 

The  concrete  v/as  mixed  by  hand  on  the  floor  of  the 
preparation  laboratory  by  men  experienced  in  practical  work 
as  well  as  in  the  preparation  of  test  specimens.  The 
materials  v/ere  proportioned  by  weight  and  the  water  was  also 
weighed  as  added  in  most  cases.  The  sand  and  cement  were 
first  turned  five  or  six  times  and  then  three  more  dry  turn- 
ings v/ere  given  the  mass  after  the  stone  was  added.  Tater 
was  added  in  sufficient  quantity  to  produce  a distinctly  wet 
mixture  v/hich  v/ould  run  rapidly  from  the  shovel.  The 
concrete  was  placed  in  the  column  from  the  top  a bucketful 
at  a time  and  thoroly  worked  around  the  sides  and  in  the  center 
by  means  of  a pole.  As  an  aid  to  securing  uniform  concrete 
successive  bucketfuls  v/ere  taken  from  different  portions  of 
the  pile.  The  forms  were  filled  practically  level  with 
the  top  of  the  steel. 

Previous  to  pouring  the  steel  columns  were  placed  in  a 
vertical  position  upon  a 14  x 14  x 1 in.  cast  iron  bearing 
plate  (on  which  it  was  later  tested)  and  the  forms  placed  in 
position.  About  a day  after  pouring,  when  the  concrete 
in  the  column  had  had  time  to  shrink,  the  top  of  the  column 
was  prepared  for  testing  by  setting  another  bearing  plate 
upon  it  using  a neat  cement  mortar  for  this  purpose.  Care 
was  taken  to  have  this  plate  resting  squarely  upon  the  steel 
and  to  keep  the  layer  of  mortar  between  the  plate  and  the  steel 
as  thin  as  possible,  A thin  film  of  cement  was  necessarily 
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present,  "but  in  most  cases  it  was  ey:treinely  thin  and  in  no 
case  did  it  exceed  l/8  inch  in  thickness.  In  pouring  the 

spiral  section  it  vms  found  that  the  concrete  would  not  flow 
into  the  saall  space  betv/een  the  hack  of  the  flanges  and  the 
spiral  and  it  was  necessary  to  use  a sand  mortar  to  grout  in 
this  space.  Somewhat  the  same  difficulty  v;as  experienced 
in  the  fireproofed  columns,  hut  in  these  concrete  was  used 
resulting  in  a hadly  pitted  surface  over  the  flanges  in  many 
spots.  This  effect  may  he  noticed  in  the  photographs  of 
the  fireproofed  columns. 

10  — Auxiliary  Test  Specimens . From  each  hatch  of 

concrete  used  three  six-inch  cubes  and  one  8 x 16  in. 
cylinder  were  made  from  which  to  determine  the  properties  of 
the  concrete  in  the  columns.  These  v/ere  packed  in  damp 
sand  until  a few  days  before  the  column  was  to  he  tested 
when  they  were  removed  to  the  testing  laboratory  and  two 
faces  prepared  for  the  test  by  the  addition  of  a thin  coat 
of  plaster  of  paris.  It  was  originally  intended  to  test 
all  these  specimens  at  the  same  date  as  the  corresponding 
column,  hut  it  was  found  that  an  unexpected  variation  was 
shown  in  the  cube  tests,  the  strength  being  lov/er  than  would 
be  expected.  For  this  reason  one  cube  from  each  of  the 
later  batches  was  reserved  for  test  at  90  days  in  order  to 
know  whether  the  concrete  was  poor  or  merely  lacked  curing. 
The  results  of  the  cube  and  cylinder  tests  are  given  in  the 
general  summary  sheet  (folded  insert)  These  auxiliarjr 

tests  show  quite  conclusively  that  another  and  undesired 
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variable  - namely  the  strength  of  the  conerete  at  the  time  of 
testing  - has  been  introduced  into  the  investigation.  Its 
effect  is  not  negligible  and  will  be  treated  more  in  detail 
in  a later  paragraph. 

11  — Storage  and  Handling . The  columns  were  hept 
where  made  in  the  preparation  laboratory.  Forms  were 
removed  at  the  end  of  a week  or  ten  days  and  from  that  time 

on  the  columns  were  occasionally  sprinkled.  The  temperature 
records  show  a variation  between  60“  and  70“  Fahrenheit,  but 
it  seems  probable  that  larger  variations  may  have  occurred  in 
some  parts  of  the  building.  Some  of  the  longer  columns 
were  built  near  steam  pipes  7/hich  were  attached  to  the  upper 
portion  of  one  wall  of  the  laboratory,  and  these  columns 
were  certainly  subjected  to  higher  temperature  than  the  other 
columns  and  their  tops  were  more  highly  heated  than  their 
bases.  The  temperature  of  the  columns  was  also  different  ‘ 
from  that  of  the  damp  sand  in  which  the  cubes  and  cylinders 
were  stored.  It  seems  probable  that  the  columns  dried  out 
much  more  and  had  attained  a higher  percentage  of  their  final 
strength  (insofar  as  the  concrete  affects  that  strength) 
than  the  cube  tests  would  indicate. 

Before  removing  the  columns  to  the  testing  laboratory 
the  bearing  plates  at  top  and  bottom  were  connected  by  rods 
to  prevent  displacement  and  these  rods  were  not  removed  until  I 
the  column  v;as  in  its  final  position  in  the  testing  machine. 

12  - Attachment  and  Description  of  Apparatus . The 
apparatus  used  and  the  method  of  attachment  are  well  showm 
in  the  photographs  of  columns  ready  for  testing.  One  of 


these  appears  as  the  frontispiece  of  this  thesis.  The 

photograph  of  the  saall  column  on  page  ^2  brings  out  the  detail 
especially  well.  On  the  steel  deformations  were  measured 

by  tapping  holes  in  the  flanges  to  receive  the  shaft  of  a 
wire— wound  dial  at  the  bottom  and  to  receive  a bolt  at  the 
top  — from  this  bolt  a wire  was  suspended,  v;rapped  once 
around  the  drum  of  the  dial,  and  weighted  W'ith  a nut  at  its 
lower  end.  Thus  any  deformation  occurring  in  the  gauge 
length  between  the  bolt  and  the  dial  was  registered  by  the 
movement  of  the  pointer  of  the  dial.  ''.Vhere  measurements 
v/ere  desired  on  the  concrete  faces,  specially  prepared  plugs 
were  inserted  in  the  column  during  the  pouring,  and  these 
were  tapped  to  receive  the  bolts  and  dials.  The  W'ire 
suspended  from  the  upioer  bolts  was  in  general  one  inch  from 
the  face  of  the  column,  and  the  accuracy  of  the  observations 
depends  on  the  conservation  of  plairr  section  in  the  column 
as  a whole.  The  results  obtained  indicated  that  this 
condition  was  not  fully  satisfied  in  the  case  of  the  plain 
columns,  and  a slight  error  is  shovm^being  especially 
noticeable  in  the  computed  moduli  of  elasticity  for  the  steel. 

A different  arrangement  of  instruments,  sho^vn  in  the 
photograph  on  page  34,  v/as  used  on  the  flange  tests  and  on 
column  No.  8914  and  indicates  that  the  error  due  to  the 
arrangement  most  used  was  not  great.  The  gauge  lengths 
used  varied  w'ith  the  lengths  of  the  specimens  ^^being  roughlj’’ 
proportional  to  those  lengths  as  shown  in  the  following  table. 
The  dials  could  be  read  to  an  indicated  movement  of  .0002 
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inches.  This  heine  constant  for  all  gauge  lengths  the 
least  unit  deformation  possible  of  measurement  depended  on 
the  length  of  the  gauged  distance.  The  least  unit - 
deformation  obtainable  is  indicated  for  each  gauge  length 
in  the  table  belov/. 

Table  4 

Gauge  lengths  and  i^east  unit  Reformations 
Column  Length  Gauge  Length  Least  Unit- Deformation 


2’  - O’" 
4'  - 8^' 
10'  - 0" 
15'  - 4^^ 
19'  - 4’' 


10" 

40"  (varied) 
100" 

150" 

200" 


.00002  'i 
.000005 
.000002 
.00000133 
.000001 


n.  n, 


in.  1 


In  the  case  of  the  plain  steel  columns  10  feet  or  more 
in  length,  four  measurements  of  deformation  were  ta!k:en  over 
the  gauge  lengths  indicated  above,  and  six  other  measurements 
of  deformation  were  tahen  over  gauge  lengths  about  one-third 
as  long.  These  shorter  gauged  lengths  v;ere  located  at 
different  portions  of  the  columns  as  shown  in  the  photographs 
of  the  plain  steel  columns. 

15  - .-methods  of  Testing.  In  the  case  of  the  plain  steel 
columns  the  specimen  was  placed  with  its  lower  end  bearing 
directly  on  the  bed  of  the  testing  machine  and  centered  with 
respect  to  the  screws.  The  upper  head  of  the  machine  was 
then  lowered  until  the  suspended  spherical  bloch  rested  on 
top  of  the  column.  This  bloch  was  then  centered  on  the  column 
and  the  deformation  measuring  instruments  were  attached  as 
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desorited  in  the  prece^ding  paragraph.  The  ends  of  the 
columns  were  milled  in  the  shops  hut  in  man;:^  cases  it  was 
necessary  to  resort  to  shimriing  or  light  filing  to  secure  a 
satisfactory  hearing  of  the  block  on  the  column.  In  the 
case  of  the  reinforced  columns  the  hearing  plates  were  first 
scraped  clean  and  then  the  column  v/as  carefully  centered  in 
the  machine.  ’.Then  in  its  final  position  the  rods  connect- 
ing the  plates  were  removed  and  the  spherical  block  lowered 
into  position  as  noted  above  for  plain  steel  columns.  The 
instruments  for  measuring  deformations  having  been  attached 
an  initial  reading  of  the  dials  was  taken  with  no  load  on  the 
column  except  the  weight  of  the  spherical  hearing  block. 

^he  upper  head  of  the  testing  machine  was  then  brought  to  bear 
on  the  block  and  run  down  at  the  slowest  speed  of  0.05  inches 
per  minute  until  a load  of  25  000  pounds  was  registered. 

The  machine  was  stopped  at  this  load  and  after  an  interval  of 
from  30  to  45  seconds  the  dials  were  read.  In  like  manner 
the  load  was  increased  by  increments  of  25  000  pounds  each, 
alternating  with  readings  of  the  dials,  until  the  column 
crushed  or  the  capacity  of  the  testing  machine  was  reached. 

At  a load  of  50  000  pounds,  after  the  deformations  had  been 
recorded,  the  special  wedges  ^described  in  paragraph  ’’Condition 
of  End  Restraint"  following)  were  adjusted  at  the  top  of  the 
column.  "TTith  the  first  five  columns  tested  fNos,  8905, 

8906,  8910,  8915,  and  8920)  these  wedges  were  not  used, 
we  re 

Many  columns^  tested  further  after  the  ultimate  or  maximum  load 
was  passed,  the  result  being  marked  bending.  This  was 

done  in  order  that  the  critical  section  might  be  definitely 
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determined  and  the  nature  of  the  final  failure  observed. 

Three  conditions  mentioned  incidentallv  above  merit  more 
complete  discussion: 

a - Speed  of  Testin;^  liachine.  The  question  of  the 
speed  at  which  the  testing  machine  shall  be  run  seems  to  the 
writer  to  be  more  important  than  is  sometimes  held.  Frequent- 
ly no  statement  of  this  speed  is  offered  at  the  time  of 
publication  of  the  data.  Xt  seems  evident,  however,  that 
a column  will  carry  a higher  ma:ximura  load  if  the  load  be 
applied  rapidly  than  it  would  under  a slow  application. 

This  fact  is  very  generally  appreciated  among  testing  engineers 
and  does  not  lack  for  experimental  verification.  It  follows 
that  in  a series  of  tests  the  rate  of  application  of  load 
should  be  very  slow  unless  a misleading  showing  of  strength 
is  desired,  for  in  actual  constructions  the  load  is  not 
momentarily  applied  and  then  partially  released  owing  to  the 
resulting  deformation  of  the  column,  but  is  a dead  weight  and 
tends  to  follow  up  any  shortening,  a condition  of  much  greater 
severity  in  its  effects  on  coliunn  strength.  The  load  in  a 
testing  machine  is  applied  by  the  propulsion  of  the  head 
downward  upon  the  column.  Under  high  unit  loads  the 
specimen  tends  to  shorten  for  some  time  after  the  motion  of  the 
head  is  arrested.  The  result  is  that  the  actual  load  on  the 
column  may  fall  off  considerably  since  the  head  cannot  follow 
up  and  maintain  it.  Thus  it  appears  that  the  maximum  load 
as  indicated  by  the  testing  machine  is  always  higher  (for 
given  conditions  as  to  bearing  and  restraint)  than  could  be 
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carried  by  the  column  as  an  actual  dead  weight.  It  is 

evident,  further,  that  for  truly  comparable  tests  the  rate  of 
deformation  for  of  increase  in  stress)  should  be  constant. 

This  would  mean  that  the  speed  of  the  testing  machine  should 
vary  directly  with  the  length  of  the  specimen.  H'ith  our 
present  testing  machines  it  is  not  feasible  to  attain  this 
latter  object,  and  in  the  tests  described  in  this  thesis  the 
slowest  speed  of  0.05  inches  per  minute  v/as  used  in  all  cases, 
which  satisfies  the  first  condition  as  closely  as  possible 
but  does  not  attempt  to  satisfy  the  second.  The  load  was 
not  held  at  its  full  value  for  any  considerable  time,  but  was 
allowed  to  decrease  when  the  deformation  of  the  specimen 
permitted.  The  instruments  were  read  starting  about  30 
seconds  after  the  indicated  load  had  been  momentarily 
applied,  and  the  load  on  the  column  at  the  time  of  reading  W'as 
sometimes  less  than  the  full  indicated  load, 

b - Condition  of  End  Bearings.  lEhiile  the  nature  of 

the  loading  device  in  a testing  machine  tends  to  give 
abnormally  high  indicated  maximum  loads,  there  are  other 
conditions  which  act  to  reduce  the  indicated  carrying  capacity 
in  the  laboratory  test.  The  first  in  importance,  as  it  is 
the  hardest  to  overcome,  is  the  condition  of  the  bearing- 
surfaces  at  tne  ends  of  the  column.  ^There  in  a building 
the  column  receives  its  load  by  increments  from  story  to  story 
(especially  is  this  true  of  reinforced  steel  columns),  in  a 
testing  machinethe  load  is  applied  directly  upon  the  end 
sections.  If  the  load  is  to  be  uniformly  distributed. 
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the  hoarinGS  of  the  ends  on  the  loading  blocks  of  the  machine 
must  be  perfect.  fhe  columns  prepared  for  this  thesis 

investigation  were  milled  at  both  ends,  as  is  the  practise  in 
construction,  but  the  end  conditions  were  far  from  perfect. 
Careful  shimming  and  filing  resulted  in  much  improvement  but 
it  must  be  recognised  that  the  load  was  not  uniformly  dis- 
tributed over  the  section  and  that  some  flanges  were  more 
highly  stressed  than  others  even  aftervthe  most  careful  treat- 
ment in  this  crude  way.  The  record  of  observed  deformations 
on  the  various  gauge  lengths  (see  Part  VI,  Logs  of  Tests) 
show  this  effect  very  plainly.  ’Then  the  load  is  unevenly 
distributed  over  the  section  it  is  evident  that  the  tendency 
tov/ard  bending  is  aggravated  and  the  column  is  sensibly 
weakened.  The  effect  of  poor  end  conditions  is  more  serious 
in  short  columns  than  in  long  ones  - in  the  19  ft.  4 in. 
columns  its  effect  is  probably  negligible.  In  studying  the 
effect  of  length  on  column  strength  the  effect  of  end 
conditions  must  be  constantly  borne  in  mind.  Columns  Uos. 
8902  and  8914  had  the  best  end  conditions  of  any  tested  in 
this  series  - in  the  2 ft,  column  (8902)  a test  was  found 
impractical  with  the  ends  as  received  and  they  were  finally 
carefully  turned  in  a lathe. 

c - Condition  of  End  Restraint . A second  important 
condition  as  affecting  the  indicated  carrying  capacity 

of  the  column  in  the  testing  machine,  is  the  fixidity  of  the 
ends  of  the  column.  The  lower  end  bearing  on  the  heav7/ 
unyielding  base  of  the  testing  machine  is  evidently  quite 
firmly  restrained  until  serious  bending  occurs  in  the  column. 
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The  upper  end.  however,  must  be  loaded  by  means  of  a spherical 
bearing  bloolc  in  order  to  secure  even  a fair  distribution  of 
load  over  the  section,  and  this  block  is  free  to  turn  as  the 
column  develops  a tendency  to  bend,  except  for  the  friction 
developed  in  the  block  itself.  In  the  first  five  plain 
steel  columns  tested  fUos.  8905,  8906,  8910,  8915,  and  8920) 
no  effort  was  made  to  prevent  this  accommodation  and  the 
column  was  in  the  condition  of  one  end  partially  fixed  and 
one  end  partly  hinged  or  free.  Neither  the  fixidity  or  the 
freedom  can  be  considered  as  in  any  sense  absolute,  but  they 
must  be  taken  simply  as  relative  terms  as  used  here.  In  all 
the  later  tests  special  wedges  and  angle  blocks  were  driven 
under  the  upper  head  at  a point  in  the  test  f usually  at 
50  000  pounds  load)  when  the  spherical  block  had  had  oppor- 
tunity to  adjust  the  bearing  satisfactorily  but  before  any 
appreciable  tendency  to  bending  developed  in  the  column, 
and  in  this  manner  the  spherical  bearing  block  was  restrained 
from  any  further  motion  becoming  in  effect  a rigid  loading 
block  like  the  base.  The  photograph  on  page  41  shows  the 
apparatus  in  position  during  a test.  That  the  apparatus 
accomplished  the  desired  purpose  is  evidenced  by  the  nature 
of  the  failure  in  bending  which  occurred  almost  invariably 
at  or  below  the  center  of  length  of  the  column.  In  all 
cases  where  the  strength  of  the  column  Vvith  and  without  the 
w’edges  could  be  compared,  save  only  the  19  ft.  4 in.  length, 
the  strength  developed  was  greater  with  the  wedges. 

It  should  be  noted  in  this  connection  that  the  conditions 
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of  restraint  in  the  test  specimen,  even  when  the  upper  hlock 
has  heen  fixed  hy  means  of  v/edges,  are  not  so  satisfactory  as 
is  the  case  with  a column  incorporated  in  a huilding.  In  the 
huildin^  there  is  present  at  the  two  ends  a tensile  resistance 
to  bonding,  which  is  totally  lacking  in  the  test  specimen. 

Hence  it  must  be  considered  that  the  slope  of  the  neutral 
axis  is  maintained  more  nearly  vertical  in  building  construct- 
ion than  is  the  case  in  test  columns,  resulting  in  a higher 

nt»arlv 

strength  in  the  more  fixed-ended  building  column. 

It  seems  to  the  writer  that  the  conditions  acting  to 
lower  the  indicated  carrying  capacity  of  the  test  columns  are 
more  influential  than  are  the  conditions  tending  to  raise  it, 
and  that  it  is  to  be  expected  that  the  a column  loaded  as 
an  integral  part  of  a building  will  carry  a higher  load  than 
will  the  same  column  tested  as  were  those  in  this  thesis 
investigation. 
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A PLAIir  STEEL  COLUHITS  - EFFECT  OP  LEEGTE 

14  - Phenomena  of  the  Tests  and  of  Failure . The  plain 

steel  columns  showed  test  phenomena  which  were  consistent 
and  uniform.  The  logs  of  the  tests  will  he  found  in  Part 
VI  at  the  end  of  this  thesis.  At  a load  of  from  2E5  000  to 
250  000  pounds  cracking  sounds  were  heard  and  these  co"»^tinued 
intermittently  thruout  the  remainder  of  the  test.  The  time 
required  to  add  the  25  000  Ih.  increment  to  the  load  gradually 
became  longer  until  at  the  ultimate  load  the  beam  floated 
within  a range  of  a thousand  pounds  for  a period  of  from  ten 
to  fifteen  minutes,  and  the  yielding  from  that  time  on  to 
final  collapse  was  exceedingly  gradual.  The  column  seemed 
to  possess  to  a high  degree  the  desirable  qualities  of 
toughness  and  slow  failure.  At  maximum  load  very  little 
bending  for  increase  in  bending)  was  shown  by  the  deformation 
readings,  and  none  was  visible  to  the  eye  except  in  the 
longer  columns.  After  the  maximum  load  was  reached  and  the 
machine  head  was  run  down  to  complete  the  failure  of  the 
column  (generally  at  faster  speed),  bending  developed  very 
gradually  and  a slight  t?/isting  action  was  noticed  in  the 
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columns  of  ten  feet  or  more  length.  The  photographs  on 
pages  44  to  52  give  a good  idea  of  the  nature  of  the  final 
failure  in  bending,  and  show  it  to  have  been  in  general  auite 
symmetrical  about  the  center, 

15  - Stress-deformation  Relations.  The  nature  of  the 
load-deformation  diagrams  fpp  124  .to  129  ) for  the  plain  steel 
columns  is  a matter  of  interest,  although,  as  noted  elsewhere, 
these  curves  are  subject  to  slight  errors  ov/ing  to  the  fact 
that  the  arrangement  of  instruments  presupposed  the  conserva- 
tion  of  plain  section  in  the  column  during  the  test,  a condition 
v/hich  seems  not  to  have  been  fully  satisfied.  The  bending 
in  the  load-deformation  curves  which  occurs  at  low  loads  is 
undoubtedly  due  largely  to  this  cause,  as  the  curve  for 
column  JTo , 8914,  obtained  v/ith  a different  arrangement  of 
instruments,  shows  a straight  line  up  to  175  000  pounds  load. 

In  the  general  summary  (folded  insert)  the  secant  moduli  of 
elasticity,  calculated  from  the  curves,  are  given  for  unit 
deformations  of  .0004.  .0007,  and  .0010,  as  well  as  for  a 
point  near  the  ultimate  load.  ?ron  these  computations  it 
would  appear  that  the  modulus  for  low  deformations  may  be 
considered  as  lying  between  30  000  000  and  31  500  000  pounds 
per  square  inch.  It  is  also  apparent  that  the  modulus 
decreases  as  the  length  of  the  column  increases.  The  load—  I 
deformation  curves  do  not  show  any  decided  yield  point  and  1 

indicate  well  the  gradual  nature  of  the  failure. 

16  - Effect  of  Test  Conditions.  In  the  plain  steel 

columns,  as  v;as  to  be  enpected,  the  effect  of  imperfect  end  I 

bearings  was  most  strongly  shown.  The  tables  on  pages 
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184  to  199  cive  the  observed  deformations  over  the  various 
fiances  and  show  quite  wide  variations.  One  column, 

Ifo.  8915,  was  considerably  weakened  by  the  fact  that  one 
angle  of  one  flange  lacked  a full  quarter  of  an  inch  of 
bearing  on  the  top  block.  Column  Ho.  8914,  whose  ends  were 
filed  quite  carefully  to  a fairly  true  surface,  showed  a 
marked  increase  in  stiffness  and  a higher  bend  in  the  load- 
deformation  curve  than  did  its  mates  Hos.  8910  and  8911, 
which  were  tested  with  their  ends  only  slightly  retouched. 

The  diagram  on  page  127  shows  a comparison  of  the  load- 
deformation  curves  for  the  four  flanges  of  column  Ho.  8914. 

On  page  125  is  shown  the  same  curves  for  columns  Hos.  8910 
and  8911.  By  placing  one  diagram  over  the  other  a very 
good  idea  may  be  obtained  of  the  difference  in  stiffness 
due  to  end  conditions.  Column  Ho.  8914  carried  more  load 
than  Ho.  8910  but  no  more  than  Ho.  8911. 

The  fact  that  the  columns  finally  failed  in  bending  at 
points  either  at  or  below  the  middle  has  been  mentioned  before. 
It  is  sufficient  evidence  that  the  rigidity  was  as  great  at 
the  upper  block  (when  wedges  were  used)  as  at  the  base. 

Column  Ho.  8910  (not  wedged)  carried  410  000  pounds,  column 
Ho.  8911  (wedged)  carried  425  000  pounds  and  column  Ho.  8914 
(wedged)  carried  424  000  pounds;  Column  Ho.  8915  (not 
wedged)  carried  S68  000  pounds,  column  Ho.  8916  (wedged) 
carried  376  000  pounds;  column  Ho.  8920  (not  wedged) 
carried  365  000  pounds,  column  Ho.  8921  (wedged)  carried 
345  000  pounds.  Ho  other  comparisons  on  this  basis  are 
possible.  In  all  cases  the  load— deformation  curves 
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show  that  the  columns  v/lth  their  ends  wedged  are  somewhat 
stiffen  in  the  later  stages  of  the  test  than  are  the  ones 
not  wedged.  It  is  believed  that  the  fixing  of  the  upper 
end  of  the  column  is  distinctly  desirable  as  securing  a more 
sure  and  equal  degree  of  fixidity  at  the  two  ends  of  the 
column. 

1’!^  — Basis  of  Length— Strength  Formulas  for  Columns . 

It  is  now  generally  conceded  that  the  Fuler  column  formulas 
have  no  application  to  steel  columns  of  a slenderness  ratio 
of  L/ r = 120  or  less.  For  columns  of  less  slenderness 
there  are  advocates  of  three  types  of  formulas  - P.ankine’s 
(or  Schwarts’)  formula,  Johnson's  parabolic  formula,  and 
the  straight-line  formula.  Fests  at  ?Tatertown  Arsenal 
and  elsewhere  on  relatively  small  columns  indicate  that 
test  results  for  columns  of  L/r  less  than  120  may  be  expected 

to  fall  within  an  area 
bounded  by  two  parallel 
straight  lines  slightly 
inclined  to  the  L/r 
axis,  and  for  greater 
slenderness  ratios  to 
agree  more  closely  with 
the  Euler  equation. 

The  figure  shov;s  the 
region  within  which  test  data  may  be  expected  to  fall  for 
material  with  about  40  000  pounds  per  square  inch  ^’’ield  point. 
In  studying  the  plotted  results  of  the  nine  plain  columns 
tested,  it  was  found  that  Johnson’s  parabolic  equation  has  a 
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narked  curvature  ina  direction  opposite  to  that  indicated  in 
the  data  o^  the  tests,  and  hence  this  fornula  has  not  been 
considered  further.  In  deriving  equations  to  represont 
the  test  data  it  is  expressly  understood  that  the  equation 
marks  sinply  the  center  line  of  a zone  of  sone  width  v/ithin 
which  the  data  seems  best  to  fit. 

Sone  notion  of  the  effect  of  length  on  strength  of 
nay  be  obtained  from  the  diagram  on  page  57  in  v/hich 
the  load-deformation  curves  for  the  various  lengths  are 
plotted  togetner  this  is, however,  more  truly  a comparison 
of  stiffness  rather  than  of  strength,  but  the  two  are  very 
closely  associated.  To  secure  data  on  which  to  base  a 
length-strength  formula  nine  columns  were  studied. 

18  - Length-Strength  Formulas  Fitting  Thesis  Test  Lata. 
In  arriving  at  an  expression  for  the  effect  of  length  upon 
strength  it  may  add  to  our  clearness  of  perception  to  trace 
the  development  of  the  effect  of  length  upon  strength  at 
various  stages  of  the  test.  In  the  diagram  on  page  58 
the  results  are  plotted  for  four  lengths  of  column  and  for 
unit  deformations  of  .0005,  .0008,  .0010,  and  for  ultimate 
load.  In  a similar  manner  results  have  been  plotted  for 
other  unit  deformations  from  .0005  to  .0012  and  from  thtst 
data  the  curves  of  the  diagram  on  page  59  have  been  drawn. 

The  lower  curve  shov/s  very  clearly  the  increasing  effect  of 
the  slenderness  ratio  on  the  strength  as  the  test  progresses. 
If  we  should  produce  the  tangent  back  to  the  horizontal  axis 
the  intersection  is  at  .0004  and  it  is  not  far  from  the  facts 
to  say  that  up  to  a unit  deformation  of  .0004  the  slenderness 
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ratio  has  no  effeot  and  that  heyond  this  deformation  it 
increases  in  a constant  ratio  to  the  increase  in  deformation. 
?rora  this  diagram  it  appears  that  a straight  line  represents 
the  results  very  satisfactorily  (diagram  on  page  58)  and  in 
the  diagram  on  page  59  data  taken  from  the  two  curves  give 
the  straight-line  equation  representing  the  length— strength 
relation  for  any  desired  unit-deformation. 

TThen  the  ultimate  load  is  reached  the  nature  of  the 
curve  is  somewhat  affected  hy  the  fact  that  the  ultimate 
unit— deformation  which  the  column  will  sustain  decreases  as 
the  length  of  the  column  increases.  Thile  for  deformations 
less  than  the  ultimate  the  straight-line  equation  alone 
appears  to  apply,  at  the  ultimate  it  is  possible  to  construct 
an  equation  of  the  Hankine  type  which  will  represent  the 
results  quite  closely.  In  the  diagram  on  page  60  such  an 
equation  is  plotted  against  the  straight-line  equation  al- 
ready found.  The  equations  are  as  follows: 

p 35  000  p 

Rankine:'  - * — Straight-line:  - = 36  500  - 155 

A 1 ^ A 

18000  r= 

Considering  this  diagram  (page  60)  it  appears  that  the 
straight-line  equation  represents  the  test  results  as  closely 
as  the  P.ankine  equation.  The  ultimate  load  for  L/r  = 0 
is  higher  by  the  straight-line  than  by  the  P.ankine  equation 
and  both  seem  low  compared  with  the  unit— stress  of  37  500 
pounds  per  square  inch  carried  by  the  E ft.  column  or  compared 
with  the  40  000  pounds  per  square  inch  carried  by  the 
compression  test  pieces  from  the  flanges.  In  viev/  of  these 
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facts,  and  because  of  its  simple  form,  the  rriter  believes 
that  the  straight-line  equation  £^iven  above  may  be  considered 
best  to  represent  the  effect  of  length  upon  ultimate  load 

for  the  plain  steel  columns  tested  in  this  thesis  investiga- 
tion. 


3 H3INF0RCS])  ST?:SL  GOLUICTS 


effect:  of  leitgth 


19  — Phenoraena  of  the  Fests . The  tests  of  the  reinforced 
steel  colunns  in  which  the  core  only  was  filled  with  concrete 
show'  in  general  very  much  the  same  kind  of  failure  as  did 
the  plain  steel  colunns.  The  colunns,  as  v/as  to  he  expected, 
acted  more  like  hooped  colunns  than  like  colunns  reinforced 
with  rods  only.  The  capacity  for  carrying  an  increasing 
load  under  excessive  deformations  was  not  present,  however. 

On  the  other  hand  the  failure  was  not  sudden  as  in  the  case 
of  colunns  reinforced  with  longitudinal  steel  rods  tied  at 
wide  intervals.  The  colunns  exhibited  nuch  toughness 

and  a very  slow  failure. 

All  these  colunns  were  tested  with  the  upper  hearing 

block  restrained  from  notion,  and  in  all  cases  the  bending 

was  synnetrical  about  the  center  or  occurred  at  some  point 

below  the  center.  The  crushing  of  the  concrete,  however, 

was  freciuently  nore  narked  at  the  top  of  the  column  than 

elsewhere,  due  to  its  less  density  at  this  place.  In  the 

4 ft.  3 in.  columns  practically  no  bending  occurred  and  the 

which  was 

column  failed  in  general  crushing^  nore  marked  over  its  upper 
half.  The  10  ft,  columns  failed  finally  in  bending, 

Ko.  8912  bending  about  the  center,  while  Ho,  8915  bent  sharply 
near  the  base  ( see  photograph  page  65  ) The  15  ft.  4 in. 
and  the  19  ft.  4 in.  columns  failed  in  bending  symmetrically 
about  the  center.  The  concrete  crushed  on  one  side  of  the 
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column  at  the  center  and  on  the  opposite  side  at  the  top  and 
■bottom.  The  varying  density  of  the  concrete  caused  by  the 
o'bstruction  to  settlement  offered  by  the  steel  was  well 
shown  in  the  final  crushing.  In  all  cases  the  crushing 
was  more  marked  at  points  at  or  immediately  above  the  tie 
plates  in  the  steel  column  than  at  other  points  between  these 
plates.  Evidently  the  concrete  at  these  points  had  been 
drawn  upon  during  setting  to  compact  the  portion  below, 
while  the  concrete  above  was  restrained  from  settlement  by  the 
steel.  As  noted  above,  and  as  v:as  to  be  expected,  the 
concrete  at  the  top  of  the  column  showed  less  dense  and  more 
susceptible  to  crushing  than  that  lov/er  down. 

20  - Stress-deformation  Relations . It  would  seem 
that  in  the  reinforced  steel  column  the  conservation  of  plane 
section  during  the  test  must  be  quite  well  maintained  and 
that  the  error  detected  in  the  case  of  the  plain  steel 
columns  was  not  present.  This  has  been  assumed  to  be  the 

case  in  the  interpretation  of  the  data.  The  load  deforma- 
tion curves  are  essentially  similar  to  those  already  viewed 
for  the  plain  steel  columns.  In  the  diagrams  (pages  X30 
to  133  ) the  average  load— deformation  curve  for  the  two  plain 
steel  columns  of  the  same  length  has  been  introduced  in  each 
case  and  shows  well  this  marked  similarity. 

SI  - Effect  of  Test  Conditions.  In  studying  the  effect 

of  length  on  the  strength  of  reinforced  steel  columns  it  would 
be  best  that  the  length  be  the  only  variable.  In  these 
columns,  however,  the  strength  of  the  concrete  as  indicated 
by  the  cube  and  cylinder  tests  was  subject  to  an  extreme 
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variation  of  .*50  per  cent  on  either  side  of  the  mean.  It  is 
not  feasible  to  correct  for  the  concrete  variation  in  a 
satisfactory  manner.  An  attempt  has  been  made  to  do  this 
in  the  case  of  the  ultimate  loads  in  paragraph  22,  but  the 
basis  for  such  a correction  is  rather  arbitrarj^  at  best  and 
it  has  not  been  considered  worth  while  to  apply  it  generally. 

fhe  thickness  of  the  mortar  cushion  between  the  end  of 
the  steel  column  and  the  top  bearing  plate  may  also  have 
exerted  an  influence  on  the  strength  of  the  columns  but  it 
is  difficult  to  arrive  at  any  estimate  of  the  amount.  Tliere 
the  joint  was  extremely  thin,  as  was  generally  the  case,  its 
effect  was  undoubtedly  negligible,  but  in  one  or  two  cases 
where  this  joint  was  nearly  an  eighth  of  an  inch  thick  it 
may  have  exerted  an  appreciable  influence  on  the  strength 
developed  by  the  column. 

Q ~ IiGngth . As  in  the  case  of  the  plain 

steel  columns  it  may  be  profitable  to  study  the  effect  of 
slenderness  (expressed  here  in  terms  of  L/d)  on  the  strength 
at  various  unit— deformations . The  diagram  on  page  68 
gives  the  plotted  data  for  eight  columns  for  unit-deformations 
of  .0005,  .0008,  and  .0010,  and  also  for  ultimate  load. 

Owing  to  the  large  variation  in  the  concrete  strength  these 
points  cannot  be  expected  to  shov/  as  close  an  agreement  as 
^td  the  plain  steel  columns.  j'rom  similar  graphical 
study  the  equations  for  unit-deformations  from  .0003  to 
.OOIE  were  obtained  and  the  diagram  on  page  69  gives  the 
curves  for  the  variation  of  the  effect  of  length  for  slender- 
ness) on  strength  at  various  stages  in  the  test. 
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curves  of  this  diacrarn  an  equation  ma^  readily  be  determined 
for  any  uni t—de format ion. 

At  ultimate  load  the  variation  in  the  concrete  strength 
has  caused  a wide  disagreement  in  the  data  for  columns  of  the 
same  slenderness  fsee  diagram  page  68)  ITo  attempt  has  been 
made  to  fit  a formula  of  the  Rankine  type  to  these  results 
owing  to  this  divergency.  'The  straight-line  formula 
representing  the  effect  of  length  on  strength  at  the  ultimate 
load  is 

■ L 

- = 5150  - 52  - 

A d _ 

It  is  possible  to  gain  some  idea  of  the  true  effect  of 
length  alone  by  balancing  the  column  strengths  by  making  an 
allowance  for  the  ratios  of  strength  shown  in  the  cube  and 
cylinder  tests.  The  method  employed  was  as  follows: 

Using  one  column  of  about  average  strength  fUo,  8918)  as  a 
standard  the  ratios  of  the  cube  and  cylinder  strengths  of 
other  columns  to  those  of  Uo.  8918  were  found.  Since  there 

I 

are  two  cubes  tested  to  one  cylinder  the  cube  ratio  was  given 
a weight  of  two  and  the  average  taken.  This  average  was 
then  then  applied  to  correct  the  observed  load  carried  by  the 
concrete  (total  load  on  column  less  average  load  carried  on 
plain  steel  columns  of  same  length,  as  explained  in 
paragraph  25)  and  thus  a balanced  total  column  load  was 
computed.  This  is  the  load  which  the  column  might  have  been 
expected  to  have  carry  had  its  concrete  been  of  the  same 
q^uality  as  that  of  column  Uo.  8918.  From  this  data  applied 
to  twelve  columns  (including-  two  1:1:2  and  two  1:5:6  mixtures) 
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the  balanced  ultimate  unit— loads  v/ere  plotted  against  the 
len£jths  giving  the  diagram  on  page  70.  The  points  lie  very 
much  nearer  together  showing  that  the  method  accomplishes  at 
least  partially  its  desired  result.  From  these  balanced 

loads  the  equation  expressing  the  effect  of  length  on  strength 
becomes 

T>  L 

- = 5100  - 45  - 

A d 

which  may  be  considered  a fair  basis  for  columns  of  the  size 
and  tirjpe  tested  and  reinforced  with  concrete  having  a cube 
strength  at  the  time  of  test  of  E150  pounds  per  square  inch 
f6  in.  cube). 

23  — Comparison  of  Plain  and  Reinforced  Steel  Columns  - 

Effect  of  Length.  In  order  to  secure  a comparison  of  the 

effect 

relative,  of  slenderness  in  columns  both  with  and  without  the 

A 

concrete  core^the  diagram  on  page  71  was  drawn.  In  this 
diagram  the  concrete  was  not  counted  as  taking  stress  but  all 
the  load  was  considered  as  carried  by  the  plain  steel 
column.  Using  values  of  L/r  for  this  plain  steel  column 
and  the  equivalent  unit— stress  on  the  steel  a diagram  may  be 
plotted  similar  to  that  on  page  58  (for  plain  steel  columns) 
and  in  this  manner  a conclusion  may  be  reached  as  to  the 
relative  slenderness  effects.  Prom  this  method  of  com- 

parison it  is  found  that  the  effect  of  length  on  strength  is 
almost  identical  in  amount  on  the  plain  and  on  the  reinforced 
steel  columns.  Thus  at  ultimate  load  the  coefficient  of 

L/r  is  155  for  the  plain  steel  columns  and  160  for  the  rein- 
forced steel  columns,  while  at  a unit— deformation  of  .0008 


-.-fTTS' 


74 


thf)  two  coefficients  are  identical. 


HOTS 

As  a result  of  the  testing  of  the  reinforced  steel 
columns  of  core  section  the  writer  has  heen  much  impressed 
with  the  many  favorable  phenomena  exhibited  by  this  type  of 
column  when  subjected  to  load.  It  v/ould  seem  that  this 
column  offers  the  desired  toughness  and  slow  failure  for  a 
first  class  structural  member,  and  that  it  does  not  tempt 
the  designer  to  try  to  figure  on  a strength  f due  to  spiral) 
only  attained  under  excessive  deformations  with  attendant 
danger  to  other  portions  of  the  structure.  Tn  this 

rspect  it  is  distinctly  superior  to  the  reinforced  concrete 
column  either  with  or  v/ithout  spiral. 
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C RSINPOHCED  STEEL  COLUI/IHS  - VALUE  0?  KEIUFCRCE:''IE:TT 

24  - Test  Phenomena  and  Stress-deformation  Relations 
tor  Various  fixtures . The  test  phenomena  observed  with 

test  columns  reinforced  with  different  mixtures  of  concrete 
were  not  different  in  any  strilring  particular.  In  fact, 
all  the  columns  tested  showed  substantially  the  same  phenomena, 
a fact  accounted  for  by  the  presence  of  sufficient  steel  to 
make  the  concrete  effect  relatively  small.  In  none  of  the 
columns  tested  did  the  total  load  taken  by  the  reinforcement 
exceed  one-half  that  taken  by  the  steel,  and  hence  the  steel 
£joverns  the  behavior  of  the  column  under  test.  The  1:1:2 
columns  v/ere  found  to  sustain  a greater  ultimate  unit-deform- 
ation than  the  columns  of  leaner  mixtures.  The  close 
similarity  of  the  load— deformation  diagrams  may  be  noted 
in  the  diagrams  on  pages  131  to  142  . for  columns  Eos.  8907 
to  8928.  For  a statement  of  the  nominal  mixture  by  parts 
used  in  the  various  columns  see  Table  3 on  page  23. 

“ Sasis  of  Curve  for  Concrete . In  studying  the 

strengthening  effect  of  the  concrete  bn  the  steel  column  it 
is  necessary  to  decide  upon  some  basis  of  division  of  the  total 
load  to  be  considered  as  carried  by  the  steel  and  by  the 
concrete  of  the  columns.  In  most  previous  work  whether 


structural  steel  reinforcement  or  loose  steel  rods  have  been 
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used,  it  has  been  custornarj’’  to  attribute  to  the  steel  a 
constant  modulus  of  30  000  000  pounds  per  square  inch  and  to 
determine  the  load  on  the  steel  from  the  area,  the  observed 
deformation, and  the  modulus.  This  results  in  a straight- 
line  diagram  for  the  steel.  It  assumes  a constant  modulus 
for  steel  in  compression  within  the  limits  of  deformation  of 
the  test.  It  seems  to  the  writer  that  this  assumption  is 
rather  unsatisfactory  at  the  later  stages  of  the  test  even  for 
columns  reinforced  with  rods  and  with  but  a low  steel  percentage. 
For  the  structural  steel  columns  it  seems  evident  from  prev- 
ious tests  that  readjustment  in  the  rivets  and  tie  plates  or 
lacing  bars  acts  to  produce  a curved  stress-deformation  line 
and  a var3;-ing  modulus  of  elasticity  even  at  comparatively  low 
loads.  IVhether  this  variation  observed  in  plain  steel 
columns  is  overcome  in  the  column  reinforced  by  a core  of 
concrete  is  a question  for  which  an  answer  v/ill  not  be 
attempted  here.  It  has  seemed  better  for  the  purpose  of 
this  discussion  to  treat,  not  of  the  true  distribution  of 
stress  between  the  steel  and  the  concrete  of  the  reinforced 
steel  column,  but  rather  of  the  increase  in  load  carried 
by  the  column  at  any  given  unit-deformation,  due  to  the 
presence  of  the  concrete.  To  measure  this  increase  there 

has  been  plotted  on  the  load— deformation  diagrams  of  all 
reinforced  steel  columns  the  curve  for  the  plain  steel  column 
of  the  same  length.  For  any  given  unit— deformat ion  we  may 
obtain  by  simple  subtraction  the  additional  load  carried  by 
the  reinforced  column  by  virtue  of  the  reinforcement. 
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item  plotted  belov/  gives  the  concrete  curve  for  the  various 
reinforced  columns. 

^26  — Development  and  Amount  of  Concrete  Stress . A con- 
sideration of  these  concrete  curves  enables  the  unit  stress 
on  the  concrete  to  be  determined  fa  comparative,  not  an  abso- 
lute, figure)  and  also  the  manner  of  development  of  this 
stress.  For  all  mixtures  it  is  found  that  at  first  the 
concrete  takes  load  rapidly,  much  the  same  as  does  the  con- 
crete in  the  cube  or  the  cylinder.  fhe  diagrams,  pages 
78  to  82,  offer  a comparison  of  the  stress— deformation  curves 
of  the  same  concrete  in  the  column  and  in  the  cylinder,  Tt  ■ 
is  to  be  noted  that  in  the  early  stages  the  curves  are  not 
dissimilar  and  the  moduli  of  elasticity  are  nearly  the  same. 

As  the  deformation  increases,  however,  the  concrete  in  the 
column  takes  comparatively  less  and  less  stress.  Disregard- 
ing for  the  moment  the  question  of  ultimate  strength,  it  is 
seen  that  the  same  concrete  placed  in  the  column  is  less  stiff 
— has  a lower  modulus  of  elasticity  — than  that  in  the  cylinder. 
'This  is  the  general  law  but  exceptions  to  it  are  found. 

For  the  1:1:2  concrete  there  are  no  exceptions.  For  the 
1:2:4  mixture  six  out  of  eight  columns  follov/  the  rule.  The 
other  two  show  a reversal  at  medium  loads  and  in  the  later 
stages  of  the  test  the  concrete  in  the  column  shows  stiffen 
than  that  in  the  cylinder.  For  the  1:3:6  mixture  both 
columns  follow  the  latter  course. 

In  previous  investigations  at  the  Universities  of 
Illinois  and  Wisconsin  it  has  been  observed  that  the  concrete 
stress,  computed  as  above,  shows  an  increase  for  a time. 
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reaches  a rnaximum,  and  subsequently  decreases  before  the 
column  as  a whole  reaches  its  ultimate.  In  the  diagrams 

on  pages  150  to  172,  the  stress— deformat ion  curves  for  the 
concrete  item  in  these  columns  are  given  and  shov/  this  general 
effect.  As  originally  plotted,  with  a straight  line  for 

the  steel  diagram,  every  column  showed  this  decrease  in  the 
concrete  item.  In  the  diagrams  contained  in  this  thesis, 
however,  the  steel  line  has  been  shown  curved  for  purposes  of 
comparison,  and  even  here  eleven  out  of  the  fourteen  of  the 
Illinois  columns  show  this  decrease  as  do  all  the  Wisconsin 
columns.  In  the  columns  tested  in  this  thesis  investigation 

no  concrete  curve  v;as  found  to  have  a maximum  before  the 
column  as  a whole  reached  its  ultimate  load,  but  the  curve 
becomes  very  flat  at  the  higher  deformations  and  shows  a 
tendency  for  the  concrete  stress  to  become  nearly  constant  in 
value  over  a considerable  range.  This  tendency  is  one 

to  be  considered  in  deciding  upon  the  permiss$.ble  stresses 
to  use  in  designing  reinforced  steel  columns. 

27  — Comparison  of  Cube  and  Cylinder  Strength  with 
Column  Strength.  3y  subtracting  the  average  u.ltimate  load 

of  plain  steel  columns  of  any  particular  length  from  the 
ultimate  load  of  a reinforced  steel  column  of  the  same  length 
the  additional  load  carried  by  the  reinforced  column  by  virtue 
of  the  concrete  core  may  be  computed.  It  will  be  of  interest 

to  compare  this  load,  or  rather  the  unit  stress  on  the  core 
concrete  computed  from  this  load,  with  the  strength  shov;n  by 
the  same  concrete  in  the  cube  and  cylinder  tests.  In  the 
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general  sunimary  sheet  (folded  insert)  the  items  are  exhibited 
in  parallel  columns  and  the  ratios  of  the  column  stress  to 
the  cube  and  to  the  cylinder  stresses  are  also  given.  These 
results  are  plotted  in  the  diagram  on  page  85  for  all  the 
core  section  columns  af  all  mixtures.  The  comparison  between 
the  cube  and  the  column  strength  seems  to  be  well  expressed 
by  a straight— line  relation,  indicating  that  the  column 
concrete  develops  roughly  two— thirds  of  the  strength  of  the 
same  concrete  tested  as  6— inch  cubes.  The  relation  between 

cylinder  and  column  strength  seems  more  uncertain,  being 
best  represented  by  a curved  line.  For  the  region  including 
the  1:2:4  mixtures  the  ratio  seems  to  be  about  one,  while  for 
1:1:2  mixture  the  cylinder  shows  higher  strength,  £ind  for  the 
1:3:6  mixture  the  column  shows  higher.  An  average  of  all 
the  ratios  given  on  the  summary  sheet  is  about  one.  All 
these  ratios  are  based  on  the  strength  at  sixty  days  under 
rather  poor  conditions  of  curing. 

28  - Values  of  E and  n.  In  the  general  summary  sheet 

the  values  of  the  secant  moduli  of  elasticity  for  the  con- 
crete item  have  been  tabulated  for  unit— deformat ions  of 
.0004,  .0007,  and  .0010,  and  for  a deformation  near  the 
ultimate.  It  is  interesting  to  compare  these  values  with 
the  values  of  E for  the  steel  and  to  determine  the  ratio 
of  the  stresses  in  the  concrete  and  in  the  steel  at  these 
unit— deformations . It  is  recognized  that  values  from 

these  concrete  curves  do  not  represent  with  absolute  fidelity 
the  conditions  actually  existing  in  the  column  but  they  do 
give  an  adequate  idea  for  design  purposes.  The  ratios  are 
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also  talDulatcd  and  these  values  of  n afford  a very  interesting 
study.  It  is  to  he  noted  first  of  all  that  the  value  of  n 
is  larger  than  v/e  ordinarily  consider  it  to  he,  due  largely 
to  the  fact  that  the  concrete  in  the  column  is  less  dense 
than  the  same  concrete  would  he  if  allowed  to  compact  freely. 

A second  striking  fact  is  the  exceedingly  limited  variation 
in  the  value  of  n for  widely  different  values  of  the  unit- 
deformation.  For  the  1:P.:4  mixture  where  the  cube  strength 
varied  30  per  cent  from  the  mean  there  is  also  found  a large 
variation  in  the  value  of  n for  different  columns.  These 
1:2:4  columns  are  divisible  into  two  groups  of  nearly  the  same 
quality  of  concrete.  Columns  los.  8908,  8913,  8918,  and 
8923  showed  a variation  in  the  90-daj^  cube  strength  of  less 
than  2 per  cent  from  the  average,  although  the  variation  in 
the  60— day  cube  tests  was  much  greater.  Columns  Hos.  8907, 

8912,  3917,  and  8922  form  the  other  1:2:4  group  and  exhibit 
a much  wider  variation  in  the  cube  and  cylinder  strength. 

The  following  table  gives  the  values  for  n for  the  four  groups 
into  which  the  columns  tested  seem  to  fall  naturally. 

Table  of  Values  of  n. 

Crushing  Strength  at  60  lays  Average 


Hixture 

Cube 

Cylinder 

Column 

Value  0 

1:3:6 

1400 

690 

990 

38 

1500 

1150 

1050 

33 

1:2:4 

2200 

1300 

1450 

23 

1:1:2 


3100 


2475 


2125 
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In  considering  the  above  valuesit  must  be  borne  in  mind  that 
the  concrete  was  not  as  well  seasoned  as  would  ordinarily  be 
the  case  in  building  construction.  It  v/ould  seem  that  for 

1:E:4  concrete  a value  of  n = EO  would  be  a reasonable  one 
to  use  in  design,  peraitting  the  use  of  structural  steel  to 
rauch  better  advantage.  The  table  below  gives  a sunnarj’-  of 

the  values  of  n for  various  mixtures  which  the  results  of 
this  series  of  tests  seem  to  indicate  as  reasonable,  compared 
with  the  values  permitted  by  the  new  Chicago  building  ordinance. 


Table  of  Recommended  Values  of  n. 


Mixture 

Recommended  Value 

Chicago  Code 

1:1:E 

IE 

10 

1:1  l/S:3 

15 

IE 

1:S:4 

EO 

15 

1:3:6 

30 

SO 

29  — Published  Conclusions  on  the  Strengthening  Effect 
of  Concrete . The  series  of  tests  at  other  laboratories 

will  be  treated  in  some  detail  at  a later  time,  but  at  this 
stage  it  will  be  interesting  to  simply  state  some  of  their 
conclusions.  Pr.  von  Smperger  decided  from  his  investigation 

that  the  concrete  could  be  relied  upon  to  develop  its  full 
compressive  strength  in  the  column  ^cf.  paragraphs  E7  and  41) 
Professor  Tithey  states  that  his  tests  show  the  concrete 
column  to  possess  nearly  the  strength  of  the  plain  steel  col- 
umn plus  the  strength  of  the  plain  concrete  column  of  the 
same  area  as  the  core  of  the  concreted|column  fcf.  par.  40). 
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Professor  Tithey's  conclusions  interpreted  in  terms  of  the 
cylinder  strength  are  practically  identical  v/ith  those  deduced 
from  this  series  of  tests  and  stated  in  paragraph  27,  although 
the  steel  percentage  v/as  much  smaller  in  the  Wisconsin  tests. 
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30  — Phenonena  of  the  Tests . The  oolurms  encased  in 

a 2— inch  coat  of  concrete  outside  the  steel  and  the  core 
section  were  tested  to  determined  the  additional  strength 
afforded  by  this  covering  and  to  study  the  behavior  of  this 
fireproofing  coat  under  load.  Luring  the  earlier  stages  of 
the  test  there  was  no  difference  between  the  behavior  of 
this  type  of  column  and  one  of  core  section  except  for  the 
natural  refusal  of  the  outer  shell  to  take  load  as  rapidly 
as  the  core  concrete.  The  concrete  shell  remained  intact 
until  the  ultimate  deformation  of  the  column  was  practically 
reached,  the  unit— deformation  being  .0018  or  over  at  first 
crack.  The  vertical  steel  was  evidently  starting  to  yield 
and  the  concrete  in  the  core  was  very  close  to  its  ultimate. 
Then  the  shell  cracked  the  total  load  on  the  column  dropped 
off  about  65  000  pounds  and  the  strength  of  the  core  was 
well  evidenced  by  the  long  time  during  which  the  load  remained 
at  this  second  ultimate,  the  machine  being  in  operation  in 
the  meantime.  The  load  rose  2 000  to  4000  pounds  after 

its  first  drop,  showing  that  the  strength  of  the  enclosed 
concrete  and  of  the  vertical  steel  was  not  quite  fully 
developed  v/hen  the  shell  cracked. 
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31  — Stress— deformation  Relations . Owing  to  the 

presence  of  the  shell,  constituting  47  per  cent  of  the  total 
concrete  section,  and  which  could  not  he  expected  to  carry 
its  full  share  of  the  load,  the  value  of  the  modulus  of 
elasticity  is  somewhat  less  for  the  fireproofed  columns  than 
for  the  core  sections.  !7here  n for  the  latter  averages 

about  23  it  becomes  more  nearly  30  for  the  former.  Since 
it  is  undoubtedly  wisest  not  to  figure  on  any  load  on  the 
shell  in  designing  this  value  of  n is  significant  only  in 
showing  that  the  use  of  the  values  of  n recommended  in 
paragraph  28  does  not  threaten  the  safety  and  integrity  of 
the  shell. 

32  — Comparison  of  Concrete  Stresses  on  Gross  and 

Core  Sections . Of  the  three  fireproofed  columns  tested 

two  only  w'cre  crushed.  Column  Ho.  8950  took  a maximum  load 
of  630  700  pounds,  which  fell  to  565  000  pounds  when  the  shell 
failed,  shov/ing  a load  of  65  700  pounds  carried  by  the  shell. 
For  column  Ho,  8931  the  maximum  load  was  635  700  pounds,  the 
core  load  was  572  000  pounds,  leaving  63  700  pounds  on  the 
shell.  Of  the  core  load  we  may  consider  418  000  pounds 

as  carried  by  the  steel  column,  leaving  on  the  core  concrete 
147  000  pounds  for  column  Ho.  3930  and  154  000  pounds  for 
column  Ho.  8931.  The  area  of  the  shell  was  93  square  inches 
and  of  the  core  concrete  107  square  inches  and  hence  the  unit- 
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Conorete  Stress  on  Shell  and  on  Core. 

Unit  Concrete  Stress  on  — 


Gross  concrete 

Shell  concrete 

Core  Cone 

Column 

Ho. 

8930 

1063 

706 

1374 

Column 

Ho. 

8951 

1038 

685 

1440 

It  ma^  he  said  then  that  the  concrete  of  the  shell  carries 
roughly  one— half  as  much  load  in  pounds  per  square  inch  as 
the  concrete  confined  within  the  core. 


33  — Permissible  Deformation  as  Governing  Design. 


The  question  alv/ays  arises  in  design  as  to  the  effect  of  the 
deformation  of  the  column  under  load  on  the  integrity  of  the 
shell.  If  the  shell  goes  to  pieces  at  relatively  low 

unit— doforraat ions  it  is  evident  that  deformation  rather  than 
stress  must  govern  in  the  selection  of  the  working  stresses 
to  he  used  in  design.  As  noted  in  paragraph  30  the  shell 
did  not  crack  nor  the  load  droq)  off  until  the  unit— deforma- 
tion exceeded  .0018  and  this  figure  is  practically  the 
ultimate  for  a condition  of  increasing  load  on  the  core 
section  also.  In  other  words,  the  action  of  the  shell 

during  the  test  did  not  seem  to  he  such  as  to  impose  anj 
restriction  on  the  selection  of  the  working  stresses. 


34  — Heed  of  a Tie  to  Prevent  Stripping  of  Shell. 

TThile  it  has  heen  stated  above  that  the  shell  maintains  itself 
intact  under  high  unit— deformations  it  still  seems  to  the 
writer  that  a tie  of  some  sort  (wire  mesh,  spiral,  or  other 
hinder)  should  he  imbedded  in  the  outer  shell  to  make  its 
condition  certain.  The  hacks  of  the  flanges  occupied  a 
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quarter  of  the  bonding  surface  between  the  shell  and  the  core, 
and  in  practice  this  proportion  might  easily  be  greater. 

It  seems  unsafe  to  trust  the  steel  to  stand  uninjured  by 
collisions  and  accidents  with  so  large  a surface  so  uncertainly 
supported.  This  tie  would  also  prevent  the  rapid  and 

complete  failure  of  the  shell  at  maximum  load  which  occurred 
in  the  test  columns,  although  this  advantage  in  not  very 
great  in  actual  construction.  If  a spiral  is  used  for 

strength,  which  seems  to  the  writer  a somewhat  unwise  exped- 
ient, it  might  serve  to  increase  the  ultimate  unit— deformat ion 
of  the  shell  but  probably  not  to  any  large  degree.  A light 
spiral,  used  simply  as  a precaution  against  accidental  damage, 
is  recommended  for  a tie  in  the  fireproofing  shell  of 
reinforced  steel  columns. 
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E HEIEEOHCED  STEEL  C^OLUI€TS  wITH  SPIRALS 

35  - Phenomena  of..Tests  and  Stress-deformation  Relations. 

For  a loading  v/ithin  the  capacity  of  the  University  of 

Illinois  testing  machine  (600  COO  pounds ) the  load-deformation 

per  cent 

curves  of  the  columns  with  three— quarters^ and  v/ith  one  per 
cent  of  spiral  reinforcement  are  practically  identical  in  nat- 
ure with  those  for  core  section  only.  Uithin  the  limits 
of  this  first  test  the  action  of  the  column  is  in  no  essential 
particular  different  from  that  of  core  section  columns. 

As  was  mentioned  in  paragraph  9 it  was  found  necessai^?-  to 
grout  the  space  hetween  the  spirals  and  the  hack  of  the 
flanges  with  cement  mortar.  Luring  the  test  this  filling 
was  observed  to  behave  in  a special  way.  Under  high  loads 
it  cracked  vertically  (over  backs  of  flanges  only,  where  the 
rich  mortar  was),  these  cracks  opening  quite  wide  at 
600  000  pounds  load.  Then  the  load  was  released  the 
vertical  cracks  closed  so  as  to  be  hardly  visible  and  horiz- 
ontal cracks  opened  at  intervals  of  from  six  to  eight  inches 
and  extended  the  width  of  the  flange  very  nearly.  This 
peciiliar  phenomenon  was  probably  due  to  the  small  capacity 
of  the  mortar  to  withstand  deformation  and  to  the  large  set 
present  in  such  mortar  when  it  has  once  been  highly  stressed. 
After  standing  in  an  unloaded  position  for  several  weeks  the 
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vertical  cracks  were  found  to  "be  more  noticeable  than  the 
horizontal  ones,  which  latter  had  closed  almost  entirely. 

Four  of  the  spiraled  columns  were  suhsec^uentl^  tested 
a second  time  at  Lehigh  University  where  a load  of  8U0  000 
pounds  v/as  applied,  Fhe  logs  of  these  second  tests  are 

tabulated  on  pages  215  to  280  , and  the  stre.ss-de  format  ion 
relations  are  shovm  on  the  diagrams,  pages  152  to  157,  on 
which  diagrams  the  stress— deformation  curve  for  the  first  test 
of  the  same  column  is  given  in  each  case  as  a broken  line. 

It  must  be  borne  in  mind  that  the  columns  were  roughly 
three  months  older  at  the  second  test  than  when  first  tested, 
and  the  increased  strength  of  the  concrete  may  account  for 
a portion  of  the  increased  load  carried  in  the  second  test, 
lo  secure  some  conception  of  the  amount  of  this  added 
strength  due  to  the  greater  age  of  the  concrete  column  Uo. 

8937  was  tested  a third  time  after  the  spiral  had  been  re- 
moved and  the  column  reduced  to  the  standard  core  section. 

The  log  of  this  test  fsee  page  S19  ) shows  an  ultimate  load 
for  this  Goliuvn  of  714  OOO  pounds,  showing  that  a considerable 
portion  of  the  added  load  carried  in  the  second  test  v/as  due 
to  the  greater  age  of  the  concrete. 

The  phenomena  of  the  tests  were  not  essentially  different 
from  those  described  above  under  the  first  tests.  At  a 
load  of  about  75Q  000  spalling  began  on  the  columns  with  S/4 
per  cent  spiral  reinforcement,  and  this  spalling  continued 
during  the  remainder  of  the  test.  It  seemed  that  these 

columns  v/ere  very  close  to  their  ultimate  load  at  the  end  of 


b 


\s 


1 > 


.:a 

■VTU-TW'.-fHi  ■ 


I , 


f,  k 


mio  c 


■,‘1* 

.jx'in  r;. , ^.p'xeff  wUhra 

X*bifrX.o''/Jt‘4T  lip'lS.f' 


. '■k  ^ " . " " - '%1^ 

^ ^ ■ ‘ j ' j'^  * **ii_ 

COQ:  C’;0  ! 


R • 


<5 


h^  k^mt  ferriooE  \>  ^ .5^ 


^'  t fe  a^cifi^": 


V**^ 


.J/; W.Iv^Jh^^'  :'vr . sru^jgijjrS" r^H..  '•  I: J 

ea  "■  ivt  »V'irtO  « 

’■;  rttTCoiUft^^'  •ei%*'V  • ■fir 


.?  t 


t'.  ’ vXX->'ti?t' fi^id:tiiS>  .vl's  i? tiX‘1  ^ o^f^^<.M 

^ V.^®'  * '.  ..i,\^  '-')■  •'':•'*■'■■  ’■'  *" 

..^r:  " ■.-  -.  - ^":^f . ••  ; ■ :/  v <:• 


>7^ 


y '*r 


H;  evff. tiriiu3ts  ’-'XX,  r» 

^ >■  -r‘  •''>•'■ 

X.  A,5n  •••<'«.-.?  ui.'t  4fa5gj|^‘^# • 


i'^' 


.K 


T.i 


♦-■ 


'Y.'  ■ fj-v 


f I" 


t "fti 


i_y  • , , '''“jT^W*  ""■i»«.  ‘ * ^ >1  V ^'%  ,\i  '^ir. 


<m  ^ 


KSli  -t*  -*<^1^,#-  ■ ::^  w*UA4i>.  ^ .rW' 


ILi» 


&>.c*»f^'?7  {.iXx-''- -oo’l^o  it^rtv  •?.  t %iixt  .''r3iic-2::\4^,' -?r 

r*  f •••  . . ‘ .*■  '*■£'  '•  ^ ' - . ••  • ■ '*■; 


-.  V 


L * _' 


,^i  ~OJJ  liprfil*)-t8U._  5jj|p* 

'.  *'  • ■ \il  . ....  f'xSr  . 


'•  v^  i%m  ' j.  : le?^:i' . vi  -7  V* .,  ",  ± . ,,  :::y, 


i-9- 


'St%" 


v/-. 


100 


the  test.  !Vith  the  coluinns  with  1 per  cent  spiral 
reinforoernent  the  spallin^^'  v/as  extremel^^  slight,  and  these 
Golunns  would  evidently  have  carried  considerahle  more  load. 
An  examination  of  the  enclosed  structural  steel  column 
shov/ed  no  crimping  of  the  flanges  at  the  end  of  the  second 
tests,  and  no  movement  of  the  parts  relative  to  one  another. 
The  spiral  seems  to  have  acted  to  restrain  this  steel 
column  and  to  cause  it  to  take  greater  deformations  and 
higher  load  than  it  normally  would. 

36  — Effect  of  Different  Percent  a;:  es  of  Spiral  at 
Torking  Loads . Pwo  different  percentages  of  spiral 
reinforcement  were  used  in  the  columns  tested.  Columns  Dos. 
8933  to  8936  had  three— fourths  of  one  per  cent,  while  Dos. 
8937  and  8938  had  one  per  cent.  Dithin  the  limits  of  the 
first  test  f60C  000  pounds  load)  the  load— deformation 
curves  do  not  shov/  any  effect  which  can  consistently  he 
attributed  to  the  variation  in  the  spiral  percentages. 

For  these  load— deformation  curves  see  pages  146  to  161. 

~ of  Different  Percentages  of  Spiral  at 

Ultimate  Loads . Under  paragraph  35  the  fact  that  spalling 
began  earlier  v/ith  columns  with  3/4  per  cent  spiral  than 
with  columns  with  1 per  cent  spiral  has  been  mentioned. 

In  general  the  maximum  applied  load  evidently  approached 
very  close  to  the  ultimate  for  the  3/4  per  cent  columns, 
while  it  did  not  stress  the  1 peijcent  coliunns  nearly  as 
severely,  The  stress— deformat ion  curves  (pages  15S  to 
157  ) shov/  that  the  yielding  takes  place  at  practically  the 
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same  load  for  all  peroenta^QS . f 65C  000  to  700  000  ponndB ) , 

"but  that  after  this  yield,  when  the  spiral  begins  to  play 
an  important  part,  the  columns  with  the  heavier  spiral 
show  a greater  stiffness  and  strength.  Since  the  tests 

were  not  carried  to  destruction  the  amount  of  this  added 
strength  cannot  he  ascertained,  hut  its  existence  seems 
v;ell  estahlished.  Judging  from  the  stress— deformation 

curves  the  amount  is  not  relatively  very  great  for  any  of 
the  percentages  of  spiral  used.  For  most  purposes  the 
significant  point  on  the  stress— deformation  curves  is  the 
point  where  the  curve  hends  sharply  and  hecones  very  flat. 
Beyond  this  point  any  added  load  is  carried  only  hy  virtue 
of  very  greatly  increased  deformations.  For  the  four 
columns  tested  this  point  lies  at  or  helov/  750  000  pounds 
load  and  it  will  he  interesting  to  compare  this  with  the 
strength  of  the  column  without  spiral  reinforcement.  For 
the  purpose  of  this  comparison  column  Ko.  8937  was  stripped 
of  its  spiral  and  reduced  to  the  standard  core  section, 
fhis  column  carried  714  000  pounds  load  as  against  580  000 
pounds  carried  hy  core  section  columns  at  60  days  age.  If 
we  consider  all  the  concrete  within  the  spiral  in  the  second 
tests  to  he  as  effective  as  this  core  concrete  in  column 
ilo,  8937  the  load  carried  without  aid  from  the  spiral  would 
he  about  800  000  pounds.  This  figure  is  probably  a little 
high  as  the  concrete  outside  the  core  proper,  although  inside 
the  spiral,  would  probably  take  some  less  load  per  sciuare 
inch  than  the  concrete  in  the  core.  From  this  it  may  he 
observed  that  the  strength  of  the  column  not  counting  in  the 
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spiral  is  equal  to  the  strength  of  the  colurm  tested  with 
the  spiral  at  the  point  when  the  stress— deformation  diagram 
shov/s  its  final  yield,  and  that  only  the  strength  developed 
after  this  yield  is  passed  should  he  attributed  to  the 
spiral  directly.  In  column  Ho.  8934  this  added  load 

amounts  to  about  100  000  pounds,  which  is  715  pounds  per 
square  inch  of  enclosed  concrete.  This  is  at  the  rate 
of  1000  pounds  per  square  inch  of  core  concrete  per  one 
per  cent  of  spiral  reinforcement.  Applying  this  figure 
to  the  1 per  cent  spiraled  columns  the  computed  maximum 
load  becomes  900  000  x^ounds,  a value  v/hich  the  deformations 
of  the  second  tests  seem  to  indicate  as  a reasonable  expectation 
for  these  columns. 

38  — Availability  of  Spiral  Strength  for  I>esign.  The 
tests  of  this  series  of  columns  shov/  very  conclusively  that  up 
to  a unit— deformation  .0015  there  is  not  found  any  appreciable 
difference  in  the  action  of  columns  with  and  without  spiral 
reinforcement . In  building  construction  the  safe  limit 
of  unit— deformation  may  ordinarily  be  placed  at  .0005  or 
less.  It  would  seem,  then,  that  any  attempt  to  use  an 
imaginary  spiral  strength  at  working  loads  could  only  result 
in  an  actual  unit— deformation  much  greater  than  ,0005  with 
resulting  danger  to  other  parts  of  the  structure.  The 
practise  of  many  designers,  based  on  the  conclusions  of 
II.  Oonsidere,  in  which  the  volume  of  the  lateral  steel  is 
figured  and  a high  stress  is  computed  on  imaginary  verticals 
of  2.4  times  this  volume,  has  been  shovm  to  be  illogical 
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and  dan{;erous  for  reinforced  concrete  coluinns  "by  the  tests 
at  Illinois,  Wisconsin,  and  elsewhere.  The  spiral  does 
afford  protection  against  sudden  failure,  [;±Yee  a tougher 
and  safer  column,  and  so  may  rightly  he  considered  a warrant 
for  the  use  of  higher  unit— stresses  in  spirally  reinforced 
concrete  columns.  In  the  reinforced  steel  columns  tested 
in  this  thesis  investigation  the  need  of  a spiral  is  much 
less  than  in  the  reinforced  concrete  column.  The  steel 
column  x^ossesses  much  of  the  toughness  of  the  spiraled 
column  and  the  flanges  of  the  angles  tend  to  restrain  the 
core  concrete  to  some  extent,  so  that  most  of  the  really 
valuable  features  of  the  spiraled  column  are  already?-  assured 
in  the  reinforced  steel  column.  The  failure  is  very 

gradual  and  the  unit— deformation  at  the  ultimate  load  is 
quite  large  without  any  spiral  present.  Thus  it  appears 
to  the  writer  that  the  use  of  any  large  percentage  of  spiral 
reinforcement  with  reinforced  steel  columns  is  unjustifiable. 

A light  spiral  may  well  serve  to  tie  the  shell  together  and 
protect  it  from  accident,  but  should  not  be  directly  computed 
for  strength.  It  is  probably  permissible  to  consider  the 
entire  section  within  the  spiral  as  the  core,  and  the  chief 
function  of  the  spiral  as  an  element  of  strength  seems  to  the 
writer  to  consist  of  its  action  to  make  the  concrete  outside 
the  true  core  and  within  the  spiral  take  load  equally  with  the 
concrete  in  the  true  core.  This  condition  was  very  nearly 
satisfied  in  the  columns  tested. 
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39  — University  of  Illinois  Tests  — Series  of  1908 . 

The  table  on  the  following  page  gives  a list  of  the  specimens 
tested  at  the  University  of  Illinois  in  1908,  and  a summary 
of  the  more  important  data  secured  from  the  tests.  For 
the  number  of  variables  used  the  number  of  columns  was  entirely 
inadequate,  and  the  result  has  been  that  the  impressions  of 
the  series  are  somev;hat  confusing  and  uncertain.  The  series 
also  suffers  in  that  no  plain  steel  columns  were  tested  to 
afford  a basis  of  comioarison.  The  presence  of  relatively 
large  shell  sections  acts  to  reduce  their  apparent  strength 
somewhat  fcf.  paragraph  32),  and  the  ratio  of  the  shell 
section  to  the  core  section  is  not  constant.  The  load- 
deformation  diagrams  are  given  on  pages  158  to  167  , the  line 
for  steel  on  these  diagrams  being  determined  from  the  tests 
of  the  plain  steel  columns  of  the  Gray  tjrpe  tested  as  a part 
of  this  thesis  by  a reduction  of  load  in  the  proportion  of 
the  areas  of  the  columns. 

It  is  to  be  noted  from  the  table  that  the  ratio  of 
strength  developed  by  the  concrete  in  the  columns  to  that 

shown  by  tests  of  6— inch  cubes  was  about  55  per  cent  on  the 
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average,  the  results  showing  the  wide  variation  of  from  40 
to  70  per  cent.  From  the  diagrams  a marked  tendency  may 

he  noted  for  the  concrete  curve  to  reach  a maximum  and 
decline  before  the  colunn^s  a whole  reaches  its  maximum  load. 
This  tendency  is  not  shown  in  tho  tests  described  in  this 
thesis  proper,  although  the  increase  at  high  loads  is 
relatively  small  fcf.  paragraph  26). 
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Summary  of  Results 

University  of  Illinois  Tests  - Series  of  1908 


Column 

Steel 

Area  of 

Ratio  Core 
to  Gross 

ZIo. 

Present 

Steel 

Steel 

Section. 

Railure 

31^ 

4—  3x3x1 /4  in.  Ls 

5.76 

3.0 

70.0 

Slow 

43 

12  in.  h.h.  Laced 

3S‘^ 

4—  3x3xl/2  in.  Ls 

11.16 

6.0 

68.0 

Slow 

52 

12  in.  h.h.  Laced 

34'’ 

4—  3x3xl/2  in,  Ls 

11.16 

6.0 

68.0 

Hooped 

56 

12  in.  h.h.  Tied 

effect . 

40 

4-  2x2x3 /8  in,  Ls 

5.76 

3.0 

38.0 

Sudden 

61 

9 in.  h,  h.  Laced 

45 

4—  3x3xl/2  in.  Ls 

11.16 

6.0 

36.0 

Sudden 

63 

9 in.  h.  h.  Tied 

All  columns  were  10  feet  lon^  and  were  concrete  to  a 14 

X 14  inch  section. 

These  columns  were  tested  with  1 in.  concrete  hetv/een 
steel  columns  and  hearing  plate  at  upper  end. 
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Sunmary  of  !?e suits 

University  of  Illinois  Tests  — Series  of  1908 

Gont  iniied. 


ilurm 

Max . 

Column  I 

Unit 
lOad  on 

Aqb 

Col. 

Concrete  Stren£^th 
Col. 

Aqq 

Cube 

I lax  i mum 
Unit— 

J.0, 

Load 

Column 

La. 

Col. 

Cube 

Cube 

Lays 

Leforra, 

31 

438 

000 

2300 

63 

1441 

.56 

2570 

70 

.0013 

48 

440 

000 

2310 

65 

1416 

.70 

2025 

74 

32 

400 

000 

2100 

63 

975 

.46 

2125 

69 

.00085 

52 

444 

000 

2400 

61 

758 

.41 

1844 

64 

34 

570 

000 

3080 

53 

1200 

.64 

1885 

63 

56 

480 

000 

2600 

59 

675 

2680 

59 

40 

419 

000 

2200 

64 

1300 

.00145 

61 

390 

000 

2040 

59 

1100 

.61 

1320 

61 

45 

495 

000 

2670 

65 

1175 

.47 

2460 

84 

.0013 

63 
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000 

2340 

60 
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.55 
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40  - University  of  Wisconsin  Tests  - Series  of  1908. 

This  series  consisted  of  five  columns  huilt  up  of  2 2 x 3/l6 

8 inches 

inch  angles^hack  to  hack,  latticed  with  1 3/4  x 3/l6  inch 
bars,  and  tied  with  batten  plates  at  top  and  bottom.  One 
column  was  tested  plain,  tv/o  with  the  core  filled  with 
concrete,  and  two  with  fireproofing  to  make  a 12  x 12  in. 
column.  A column  of  plain  concrete  of  the  same  area  as 
the  core  of  the  column  of  core  section  v/as  also  made  and 
tested  at  the  same  age.  The  table  on  the  follov/ing  page 

gives  the  data  of  the  tests  and  the  diagrams  on  pages  169 
to  172  give  the  load— deformation  relations. 

In  this  table  the  load  carried  by  the  shell  should  be 
noted  especially.  It  averages  720  pounds  per  square  inch 

which  is  practically  the  same  as  that  found  in  paragraph  32. 

The  value  of  n is  much  lower  than  that  given  for  the  thesis 
coliimns,  due  in  part  to  the  lower  percentage  of  reinforcement 
which  offered  less  obstruction  to  settlement,  and  in  part  to 
the  higher  modulus  of  the  concrete  as  shown  bjr  the  cylinder 
tests.  The  ratio  between  the  strength  of  the  concrete  in 
the  column  and  that  in  the  cylinder  is  .715  and  .775  against 
a ratio  of  .67  for  the  cubes  in  the  thesis  tests.  Since 

the  cylinders  were  6— in.  diam  x 8— in.  long  they  would  be 
expected  to  show  a little  less  strength  than  a 6-in.  cube, 
and  the  agreement  between  the  two  series  seems  very  close  in 
this  respect.  In  general  the  agreement  between  the  Wisconsin 
tests  with  only  4.5  per  cent  of  structural  steel  and  the 
reinforced  steel  columns  with  10.3  per  cent,  is  striking,  and 
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would  seem  to  indicate  that  the  variation  for  different  tjrpes 
of  columns  and  for  different  percentages  is  not  so  large  as 
is  sometimes  considered.  The  T7isoonsin  tests  all  shov/  a 
decrease  in  the  concrete  load  before  the  maximum  for  the 
column  as  a whole  has  been  reached. 


Summary  of  He suite 

University  of  Wisconsin  Tests  - Series  of  1908 


Column  Per  Patio  Load  Carried  U.Load  IT. Load  Patio 

Cent  Core  on  on  Col,  Cone, 


Uo. 

Steel 

T . Area 

Total 

Unit 

Conor. 

Cyldr. 

1 0 Cyl 

B 1 

4.5 

95.5 

237 

000 

3700 

1620 

2270 

.715 

4 

4.5 

95.5 

242 

000 

3780 

1700 

2200 

.775 

2 

2.0 

42.5 

303 

000 

2100 

1170 

2640 

.445 

3 

2.0 

42.5 

288 

000 

2000 

1065 

2140 

.500 

3S 

Plain 

Steel 

158 

coo 

48000 

P 1 

Plain 

Concrete 

120 

600 

1880 

1880 

2250 

.835 

lumn 

Unit  Load 

Unit  Lef. 

Value  0 f n 

Cracking 

. 0004 

Uo . 

on  Shell 

of  Shell 

Unit  Lef. 
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9.6 

.0015  11.2 

.0015  12.1 
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41  - Tests  b:/  Dr.  von  Eraper/rer . This  is  the  only 

series  of  tests  so  far  published  which  £jive  results  for  high 
percentages  of  vertical  steel  in  the  shape  of  structural 
coluinns.  The  sizes  of  the  columns  were  ver;/  small.  All 
the  columns  had  once  been  tested  as  plain  steel  columns 
before  being  reinforced  with  concrete.  The  data  concerning 
the  concrete  or  mortar  used  are  very  meagre,  the  cubes 
apparently  being  tested  at  different  ages  from  the  columns 
and  no  record  being  offered  as  to  the  cube  ages,  so  that  is 
hard  to  Imow  how  far  the  cube  strengths  may  justly  be  compared 
with  the  column  strengths.  The  fact  that  in  many  cases 
the  concrete  in  the  columns  apparentljr  takes  a load  from  20 
to  70  per  cent  greater  than  its  ultimate  when  tested  as  8— in. 
cubes  seems  to  the  writer  to  indicate  a need  of  more  informa- 
tion, A niimber  of  columns  fA5,  B2,  35,  36,  01,  and  Dl) 
check  the  results  of  this  thesis  very  closely.  Others 
indicate  that  the  concrete  in  the  columns  is  taking  a much 
greater  proport inate  load  f compared  to  cube  tests)  than  did 
the  thesis  columns.  About  one-half  of  the  coliimns  check 

the  results  of  the  Illinois  and  Wisconsin  tests  quite 
satisfactorily.  The  conclusion  stated  by  Dr.  von  Enperger, 

that  the  concrete  in  the  coliimns  can  be  depended  upon  to 
develop  its  full  cube  strength,  does  not  seem  to  the  writer 
to  be  warranted  when  one— half  of  the  columns  tested  fell 
considerably  short  of  this.  The  data  of  the  tests,  converted 
into  English  measures,  is  given  in  the  following  table,  and 
the  notes  follow^ing  this  table  serve  to  more  fully  describe 
the  specimens. 
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Sumraarj’-  of  He  suits 
Tests  ‘bjr  Dr.  von  Eaper^jer. 


IIH 


olumn 

L/r 

Unit  Load  Carried 

Load 

Cube 

for 

Reinforced  Plain 

on 

Strength 

Ho , Len^jth 

Steel 

Col.  Ooluran 

Cone . 

Cone.  Ratio 

Age 

Al' 

7 »_ 

O’' 

37.3 

9600 

28 

350 

6150 

5235 

1.17 

6 

yrs 

A2» 

11  — 

6 

63.5 

'8740 

16 

800 

7230 

5235 

1.38 
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TT 

A2 

11  - 

6 

63.5 

7010 

16 

800 

5200 
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whs 

A3 

11  - 

6 

63 . 5 

8840 

29 
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5040 

2965 

1.70 
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A4 

11  - 

6 

63.5 

8580 

37 

150 

3325 
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1.39 
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TT 

A5 

11  - 
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63 . 5 

8610 

41 
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2580 

2955 

.87 
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*T 

A6 

17  - 

8.5 

95.2 

7980 

36 
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2775 

2755 

1.00 
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TT 

31 

11  - 

6 

65.2 

10770 

28 
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3120 

2180 

1.43 
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29 
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1 - 

7 7 

• ♦ • 

9.6 

13600 

41 

500 

910 

2970 

.31 
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yrs 
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2120 
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yrs 
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Concrete 

Steel 

Rad.  of  Gyr. 
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15.5 

2.23 
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6.39 

14.1 

31.2 
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ITotes  on  Best  Specinens 

:to. 

ITotes 

A 

2 Is  5.51  X 2,99  in.  Plates  9.2  in.  lon£j  Is  5.22 

in.  on  centers. 

1 

5 horiz,  tie  pis.  2.36  x .236  x 9.2  in.  spaced  19.7  in 
apart.  Plates  bolted  to  outer  flanges  of  Is  only. 

2 

Same  with  8 plates  on  longer  column. 

3 

^ X .236  X 9.2  in.  2 at  each  end  and  3 sps  at 

39.4  in,  1 pi  at  end  and  one  centered  lo.8  in.  from  end. 

4 

a pis  do.  1 each  end.  end  sps  21.7  int.sps.  19. in. 

8 nvete  per  plate  for  f3),  fd),  and  fe! 

5 

lattloed  with  1.97  x .236  in  hars  - 1 pi  as  in  '4)  at  ends 

6 

8 pis  - 1 at  ends  - end  sps  32.6,  int.  sps.  29.5  in. 

B 

2 ijs  5.51  X 2.36  X .29  in.  2.56  in  h.to  h.  7.29  in.o.o. 

1 

6 tie  pls^  4.72  X .236  x 7.29  in.  1 at  end,  i 11.8  in.  from 
end,  and  .5  sps  at  39.4  in.  4 rivets  per  plate. 

2 

2 tie  pis  do,  1 at  each  end.  4 pis,  9.45  x .236  x 7,29 

spaced  39,4  in.  on  centers,  8 rivets  per  plate. 

3 

2 tie  pis  as  in  il)  1 at  each  end. 

4 

Same  as  (3) 

5 

8 pis  as  in  fl),  1 at  ends,  and  gpg  ^t  19.68  in. 

6 

Latticed  v/ith  1.97  x .236  in  bars  - 1 plate  at  each  end. 

C 

-‘jS  2.36  X 2.36  x .276  in.  tied  every  7,87  in.  b"^  ? 36  x 
.236  X 7.87  in.  plates.  " ^ 

B 

Ts  2.76  X 2.12  x .315  in.  placed  7.22  in.  b.  to  b,  on 
sej,  column  vith  .843  in,  chamfer  on  each  corner  when 
concreted.  Tied  straight  across  with  2 1.97  x .236  ^n 

plates  in  each  direction,  spaced  10.8  in.  on  centers. 

Concrete  used  was  1:3  mixtiiire 
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42  - Suraraary  of  Conclusions.  The  conclusions  reached 
as  a result  of  the  study  of  the  data  of  this  series  of  tests 
may  he  briefly  sunniarized  from  the  discussion  in  the  preceding 
paragraphs  as  follows.  All  these  conclusions  relate 

solely  to  tlie  properties  of  the  type  and  the  sections  of 
column  tested  and  must  be  applied  cautiously  to  other  tjnpes 
and  sizes  of  columns,  although  they  may  certainly  be  regarded 
as  throwing  light  on  the  general  questions  involved  in 
designing  reinforced  steel  columns. 

1 — The  effect  of  slenderness  on  the  plain  steel  columns 
at  ultimate  loads  is  best  expressed  by  the  straight-line 
formula 

- = 36  500  - 155  - 

A r 

2 — The  effect  of  slenderness  on  the  steel  columns 
reinforced  v/ith  core  sections  of  1:2:4  concrete  and  for 
ultimate  loads  is  best  expressed  by  the  formula 

T> 

- = 5 100  - 4f  ^ 

A d 

3 — The  effect  of  slenderness  is  but  slightly  modified 
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"by  the  presence  of  the  core  of  concrete. 

4 - The  strensthenin£i-  effect  of  the  concrete  v/ithin  the 
core  for  within  the  spiral,  if  such  is  present)  is  approximate- 
ly equal  to  the  full  strength  of  the  sane  concrete  tested  in 
the  form  of  8 x 16  in.  cylinders,  or  to  two-thirds  the 
strength  of  the  sane  concrete  tested  in  the  form  of  6-inch 
cubes,  of  the  same  age  as  the  columns. 

5 - The  fireproofing  shell  will  remain  intact  to  practi- 
cally the  ultimate  deformation  of  the  column,  but  will  carry 
only  about  one-half  as  much  load  as  the  concrete  confined 
within  the  core  or  spiral. 

6 - A spiral  has  practically  no  effect  on  the  load- 
carrying capacity  of  the  column  or  on  its  stress— deformation 
relations  up  to  a unit-deformation  of  ,0015.  The  strength 
due  to  the  spiral  seems  to  be  somev/hat  less  available  for 
design  purposes  than  is  the  case  v/ith  reinforced  concrete 
columns . 

T — A moderate  amount  of  spiral  reinforcement  may  serve 
to  warrant  slightly  higher  stresses  in  the  column,  but  must 
be  used  cautiously  if  at  all.  It  seems  preferable  to 

assign  to  the  spiral  simply  the  function  of  rendering  all 
the  concrete  inside  its  limits  equal  in  resisting  strength 
to  that  in  the  core  proper,  and  of  supx^lying  protection  to 
the  outer  shell  against  accidental  damage  or  heavy  pitting 
by  fire, 

8 — The  vtilue  of  n,  the  ratio  between  the  secant  modulus 
of  elasticity  of  the  structural  steel  column  and  that  of  the 
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conorete  in  the  ooluran  core,  may  well  he  oonsidered  somewhat 
greater  than  the  figures  usually  assumed.  Heoonmended  values 
of  n for  various  mixes  and  for  this  type  of  oolumn  are: 


Mixture 

Value  0 

1:1:2 

12 

1:11/2:3 

15 

1:2:4 

20 

1:3:6 

30 

9 — In  general  these  conclusions  are  well  home  out  for 
somewhat  different  conditions  and  test  specimens  hy  the 
previous  tests  so  far  imhlished,  which  were  not  of  themselves 
extensive  enough  to  establish  any  well  defined  relations. 

10  - The  reinforced  steel  column  of  the  tjrpe  tested  in 
this  thesis  investigation  possesses  the  q.ualities  of  a first 
class  structural  member,  and  appeals  to  the  writer  as  well 
adapted  to  much  more  extensive  use  in  building  construction 
than  it  at  present  enjoys. 
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722 

7.30 

762 

776 

769 

300  000 

829 

795 

812 

852 

864 

858 

325  000 

926 

888 

907 

938 

959 

949 

350  000 

1042 

983 

1012 

1058 

1078 

1068 

375  000 

1169 

1087 

1128 

1212 

1190 

1201 

400  000 
425  000 

1340 

1650 

1224 

1440 

1282 

1545 

1536 

1386 

1461 

Ultimate 

Load. 


440 


449  000  444  600  410  400  425  600 


175 


Load 

0 

25  000 
50  000 
75  000 

100  000 
125-  000 
150  000 
175  000 

200  000 
225  000 
250  000 
275  000 

500  000 
325  000 
350  000 
375  000 


Ultimate 

Load 


PLAIN  STEEL  GOLUIvINS 
STM'.IARY  OF  AVERAGE  UNIT  LEFORIvIATIONS 
r Oontinued  ) 


Column  NuraLer 


8915 

8916 

8915-6 

8920 

8921 

8920-1 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

56 

54 

55 

56 

56 

56 

114 

110 

112 

114 

111 

112 

175 

166 

170 

202 

172 

187 

244 

232 

238 

244 

236 

240 

310 

300 

305 

326 

304 

315 

386 

372 

379 

400 

381 

390 

467 

451 

459 

480 

462 

471 

545 

528 

536 

558 

548 

553 

628 

611 

620 

687 

641 

664 

718 

702 

710 

753 

737 

745 

817 

793 

805 

854 

842 

848 

920 

915 

917 

959 

952 

955 

1030 

1027 

1028 

1093 

1082 

1088 

1187 

1170 

1178 

1193 

1421 

368  000 

376  000 

372  000 

374  200 

345  000 

359  600 

176 


REIJT70RCEI)  STEEL  COLULIRS 


SUILIARY  OF  AVERAGE  UlTIT  LEPORI^TIOITS 


Column  RumLer 


Load 

8907 

8908 

8912 

8913 

8917 

0 

0.000000 

0.000000 

0.000000 

0.000000 

0.000000 

25  000 

44 

« « 

34 

34 

46 

50  000 

82 

• • 

70 

72 

84 

75  000 

128 

132 

110 

118 

130 

100  000 

172 

167 

161 

164 

180 

125  000 

218 

211 

210 

204 

230 

150  000 

254 

265 

264 

248 

294 

175  000 

320 

314 

322 

298 

354 

200  000 

384 

368 

380 

348 

416 

225  000 

441 

412 

443 

404 

483 

250  000 

498 

456 

506 

460 

548 

275  000 

570 

515 

546 

518 

614 

300  000 

641 

575 

635 

576 

693 

325  000 

706 

633 

705 

638 

768 

350  000 

775 

702 

778 

692 

846 

375  000 

844 

751 

861 

760 

936 

400  000 

926 

834 

950 

824 

1030 

425  000 

1025 

888 

1045 

892 

1160 

450  000 

1109 

957 

1165 

966 

475  000 

1240 

1027 

1357 

1044 

500  000 

1348 

1098 

1734 

1136 

525  000 

1535 

1182 

1234 

550  000 

1755 

1300 

1416 

575  000 

1475 

Ultimate 

Load 

577  000 

602  000 

510  000 

584  700 

468  500 

8918 

O.OOOQOO 

39 

77 

119 

165 

214 

269 

326 

378 

439 

499 

569 

631 

698 

760 

832 

903 

985 

1068 

1161 

1323 


532  200 


L. 


1 

177 

REIITFORGEI)  STEEL 

COLlTIvUTS 

i 

SUI^vIAHY  OF  AVEKAUF  UUIT 

LEFORI^A' 

]"IOES 

f C 

ontinned 

) 

0 0 

1 u ra  n 

E u m L 

e r 

\ 

Load 

8922 

8923 

8925 

8926 

8927 

8928 

0 

0.000000 

0.000000 

0.000000 

0.000000 

o.ocoooo 

0.000000 

25  000 

35 

37 

39 

36 

36 

46 

50  000 

75 

77 

75 

78 

82 

87 

75  000 

119 

122 

111 

126 

138 

143 

100  000 

175 

168 

153 

164 

184 

184 

125  000 

221 

218 

190 

212 

243 

250 

150  000 

276 

270 

226 

256 

302 

308 

175  000 

338 

327 

275 

302 

362 

369 

200  000 

410 

368 

319 

349 

426 

437 

225  000 

461 

451 

370 

392 

492 

496 

250  000 

541 

508 

416 

446 

558 

560 

275  000 

614 

575 

469 

502 

627 

629 

500  000 

694 

636 

523 

562 

706 

696 

525  000 

776 

707 

577 

604 

770 

766 

350  000 

870 

772 

630 

672 

848 

847 

575  000 

951 

839 

679 

728 

924 

923 

400  000 

1019 

911 

741 

788 

1015 

1005 

425  000 

992 

796 

848 

1103 

1089 

450  000 

1082 

857 

902 

1209 

1197 

475  000 

1193 

916 

964 

1350 

1306 

500  000 

979 

1028 

1604 

1549 

525  000 

1054 

1104 

550  000 

1132 

1174 

575  000 

1236 

1292 

600  000 

- 

1368 

1420 

625  000 

1632 

1654 

650  000 

2050 

j 

Ultimate 

Load 

491  400 

495  500 

636  000 

655  000 

516  000 

530  500  i 

i 

178 


REINFORCED  STEEL  COLUI^INS 
STOE/iARY  OF  AVERAGE  UNIT  DEFORMATIONS 
( Continued  ) 


olumn  Nuraber 


Load 

8929 

8930 

8931 

0 

0.000000 

0.000000 

0.000000 

25  COO 

35 

45 

32 

50  000 

61 

86 

60 

75  000 

103 

127 

97 

100  000 

137 

169 

128 

125  000 

175 

213 

167 

150  000 

214 

257 

212 

175  000 

253 

314 

255 

200  000 

291 

365 

297 

225  000 

345 

410 

347 

250  000 

389 

471 

391 

275  000 

435 

520 

442 

300  000 

485 

574 

492 

325  000 

535 

629 

547 

350  000 

585 

682 

608 

375  000 

635 

746 

672 

400  000 

684 

803 

738 

425  000 

738 

858 

804 

450  000 

794 

934 

873 

475  000 

852 

1001 

947 

500  000 

911 

1079 

1026 

525  000 

977 

1167 

1112 

550  000 

1039 

1253 

1216 

575  000 

1139 

1368 

1344 

600  000 
625  000 

1223 

1518 

1790 

1504 

1786 

Ultimate 

Load 

600  OOOf 

630  700 

635  700 
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HEIX70HaEH  f^TEKL  COLULmS 
SUI.nvIAHY  OF  AVERA.GE  UEIT  DEFCPJ.IA7ICTIS 
( Continued  ) 


0 0 1 

load  8933  8934 


0 

0.000000 

0.000000 

25  000 

46 

38 

50  COO 

75 

70 

75  000 

121 

103 

100  000 

155 

144 

125  000 

193 

186 

150  000 

242 

225 

175  000 

288 

272 

200  000 

335 

328 

225  000 

388 

378 

250  COO 

440 

433 

275  000 

498 

495 

300  000 

549 

545 

325  000 

604 

617 

350  000 

666 

674 

375  000 

711 

749 

400  000 

773 

821 

425  000 

831 

890 

450  000 

891 

964 

475  000 

960 

1056 

500  000 

1027 

1159 

525  000 

1110 

1268 

550  000 

1188 

1408 

575  000 

1322 

1561 

600  000 

1513 

1818 

0 

350 

712 

uran  Humber 


8935 

8936 

8937 

8938 

ocoooo 

0.000000 

0.000000 

0. OCOOOO 

40 

33 

38 

38 

68 

69 

72 

66 

110 

no 

104 

109 

143 

148 

142 

155 

185 

196 

182 

195 

222 

238 

222 

244 

272 

290 

270 

288 

323 

334 

318 

338 

370 

386 

366 

390 

418 

439 

414 

435 

470 

486 

466 

491 

520 

546 

518 

544 

574 

614 

572 

602 

626 

667 

622 

651 

728 

727 

680 

702 

734 

785 

730 

761 

788 

842 

792 

819 

844 

908 

850 

389 

895 

984 

914 

951 

954 

1055 

984 

1029 

1026 

1138 

1044 

1116 

1094 

1232 

1130 

1202 

1180 

1376 

1232 

1323 

1390 

1595 

1402 

1522 

228 

734 

308 

403 

100 

OUlJliARY  OF  LOADS  CARRIED 
AT  VARIOUS  UEIT  DEPORI.IATIONS 


Unit 

C 0 

1 u 

m n 

U u m t)  e 

r 

Deform. 

8905 

8906 

8907 

8908 

8910 

8911 

8912 

8913 

8915 

8916 

0.0000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

42 

42 

60 

62 

42 

42 

68 

65 

44 

45 

E 

83 

83 

115 

120 

82 

82 

121 

123 

84 

86 

S 

122 

122 

168 

170 

121 

120 

165 

176 

121 

126 

4 

160 

161 

206 

216 

158 

155 

207 

224 

154 

159 

0.0005 

196 

200 

250 

266 

194 

190 

247 

268 

186 

192 

6 

229 

235 

286 

311 

226 

221 

286 

319 

216 

221 

7 

260 

269 

322 

349 

256 

252 

322 

351 

245 

250 

8 

290 

300 

360 

390 

286 

281 

355 

390 

271 

276 

9 

318 

329 

392 

428 

314 

309 

386 

427 

295 

299 

0.0010 

341 

355 

419 

465 

338 

335 

414 

461 

319 

321 

11 

361 

378 

443 

500 

357 

357 

436 

490 

337 

339 

12 

379 

396 

467 

529 

372 

377 

455 

516 

352 

353 

15 

395 

410 

491 

550 

384 

391 

469 

535 

365 

14 

405 

421 

515 

565 

393 

402 

548 

373 

0.0015 

414 

431 

537 

579 

398 

16 

422 

557 

592 

17 

427 

U.  Load 

440 

449 

577 

602 

410 

426 

510 

585 

‘ 368 

376 
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SUI^vIARY  0?  LOADS  CARRIED 
AT  VARIOUS  URIT  DEFORIJATIORS 
f Continued  ) 


Unit 

C 0 

1 u 

m n 

U u 

m 1 e 

r 

Deform. 

8917 

8918 

8920 

8921 

8922 

8923 

8925 

8926 

8927 

8928 

0.0000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

57 

63 

42 

44 

64 

60 

66 

60 

60 

55 

2 

109 

118 

80 

84 

115 

114 

132 

119 

107 

105 

3 

154 

164 

117 

123 

159 

162 

189 

174 

150 

146 

4 

193 

208 

150 

156 

199 

206 

240 

226 

190 

187 

0.0005 

232 

250 

182 

186 

235 

246 

290 

275 

228 

227 

6 

268 

288 

211 

214 

269 

285 

336 

320 

265 

264 

7 

303 

326 

237 

240 

302 

322 

382 

363 

300 

301 

8 

336 

363 

262 

265 

331 

358 

426 

405 

334 

335 

9 

366 

397 

286 

288 

358 

395 

467 

446 

366 

388 

C.OOlO 

393 

429 

308 

310 

387 

427 

505 

486 

397 

399 

11 

414 

458 

329 

329 

454 

539 

522 

424 

427 

12 

432 

482 

349 

477 

568 

553 

447 

452 

13 

497 

589 

577 

466 

471 

14 

509 

604 

594 

480 

486 

0.0015 

615 

609 

492 

495 

16 

624 

619 

500 

500 

17 

627 

18 

635 

19 

642 

0.0020 

647 

U.  Load 

468 

532 

365 

345 

491 

495 

636 

655 

516 

530 

102 


SUimRY  OF  LOADS  CARRIED 
AT  VARIOUS  Ui:iT  DEFORI^TIOHS 
( Continued  ) 


Unit 

C 0 

1 u ra  n 

U n 

. ra  h 

e r 

Deform, 

8929 

8930 

8931 

8933 

8934 

8935 

8936 

8937 

00 

00 

C.OOOO 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

74 

59 

78 

64 

70 

71 

68 

70 

69 

2 

141 

117 

144 

126 

134 

136 

129 

135 

124 

3 

202 

168 

201 

181 

187 

192 

183 

190 

179 

4 

257 

218 

254 

231 

235 

242 

234 

242 

230 

0.0005 

308 

265 

302 

277 

279 

291 

280 

291 

279 

6 

357 

310 

347 

322 

321 

338 

324 

338 

326 

7 

407 

356 

387 

367 

358 

384 

365 

383 

372 

8 

452 

398 

424 

409 

394 

430 

406 

427 

416 

9 

494 

438 

459 

451 

428 

475 

446 

468 

456 

C.OOlO 

534 

474 

492 

489 

459 

516 

483 

508 

491 

11 

566 

506 

521 

522 

487 

552 

515 

541 

522 

12 

594 

536 

546 

550 

511 

578 

541 

567 

543 

13 

561 

567 

571 

530 

593 

563 

587 

570 

14 

581 

585 

588 

545 

600 

579 

600 

581 

0.0015 

598 

599 

598 

557 

592 

598 

16 

611 

610 

568 

600 

17 

620 

618 

578 

18 

626 

588 

19 

593 

U,  Load 

631 

636 

Other  oolumns 

not  crushed. 

.03 


COLUIvIK  ITO.  8 9 C 2 

Length:  2'  — 0"  Plain  Steel 

Chserved  Deformation  over  1C  Inches 


Load 

HE 

SE 

SH 

0 0 

,0000 

0,0000 

0.0000 

0,0000 

25 

2 

4 

2 

2 

50 

10 

12 

10 

4 

75 

20 

22 

14 

8 

100 

24 

22 

16 

10 

125 

30 

28 

24 

18 

150 

36 

36 

32 

22 

175 

42 

42 

34 

28 

200 

50 

46 

42 

34 

225 

56 

52 

48 

42 

250 

62 

56 

52 

50 

275 

68 

62 

58 

56 

300 

76 

66 

62 

60 

325 

82 

72 

70 

70 

350 

90 

80 

78 

76 

376 

100 

86 

86 

86 

400 

104 

96 

94 

94 

425 

114 

102 

102 

106 

450 

136 

130 

128 

120 

475 

186 

202 

158 

134 

487  300 

Ultimate  Load 

Very  gradual  failure,  Ilaohine  was  not  run  down  ^ so 
no  visible  bending  occurred. 


ITOTE:  iioad  stated  in  thousands  of  pounds,  and  deformation 

stated  in  inches. 


It. 


GOOTm  ITO.  8 9 0 5 


184 


Length:  4’  - 8"  Plain  Steel. 

Observed  Leforraation  over  41  Inches  ’ 


Load 

ITW 

NE 

SE 

SW 

0 0 

.0000 

0.0000  0. 

0000 

0.0000 

25 

16 

18 

16 

48 

50 

22 

40 

42 

84 

75 

40 

60 

68 

128 

100 

72 

78 

102 

148 

125 

182 

198 

152 

274 

150 

204 

220 

168 

296 

175 

252 

248 

194 

518 

200 

260 

274 

228 

554 

225 

292 

298 

264 

586 

250 

526 

550 

288 

416 

275 

558 

558 

528 

450 

500 

594 

594 

564 

494 

525 

458 

456 

592 

554 

350 

484 

482 

446 

578 

375 

542 

556 

482 

656 

400 

604 

614 

542 

718 

425 

708 

742 

676 

862 

440  200 

Ultimate  Load 

Final  failure  bv  bending  to  ITorth  and  East.  Flanges 
buckled  in  lower  panel,  crimping  being  more  marked  on  south  side. 


E 0 T E 

In  this  and  the  following  logs  of  test  the  loads  will  be 
stated  in  thousands  of  pounds,  and  the  deformation  will  be  given 
in  inches.  The  average  unit  deformation  is  given  in  another 


series  of  tables 


185 


Length: 


4'  - B” 


COLUIO  m,  8 9 0 G 

Plain  Steel. 

Observed  Peforraation  over  40  Inches 


Load 

m 

m 

SE 

SU 

0 0 

.0000 

0.0000  0. 

0000 

0.0000 

25 

30 

20 

16 

16 

50 

62 

56 

42 

32 

75 

90 

90 

64 

56 

100 

114 

114 

90 

76 

125 

132 

144 

116 

100 

150 

15G 

172 

140 

122 

175 

184 

194 

166 

152 

200 

212 

222 

186 

176 

225 

242 

256 

220 

212 

250 

262 

290 

246 

236 

275 

292 

322 

276 

264 

500 

322 

354 

294 

302 

325 

356 

392 

328 

344 

350 

394 

442 

360 

376 

375 

438 

490 

394 

416 

400 

500 

560 

430 

466 

425 

602 

676 

468 

558 

449  000 

Ultimate  Load 

• 

A very  syrnraetrical  failure,  bending  to  South  and  East. 
Axis  of  bend  praotioally  at  the  center  of  the  column  length. 


186 

COLUIuIT 

UO.  8 

9 0 7 

Length: 

4’ 

- 8’^ 

Core 

Section 

Mixture 

: 1 

: 2 : 4 

Age : 

60  Lays 

Observed 

Deformation  over  39 

Inches 

Load 

m 

IT 

ITE 

E 

SE 

8 

Ttr 

«v 

0 0. 

0000 

0.0000 

0.0000  0. 

0000  0 

.0000  0. 

0000  c 

.0000 

0.0000 

25 

18 

10 

14 

18 

18 

18 

22 

18 

50 

30 

26 

32 

38 

36 

32 

32 

30 

75 

42 

44 

50 

58 

54 

54 

54 

44 

100 

52 

60 

66 

82 

72 

74 

68 

60 

125 

64 

80 

78 

102 

90 

92 

94 

82 

150 

74 

102 

ICO 

130 

114 

112 

118 

106 

175 

90 

120 

112 

150 

124 

136 

138 

132 

200 

100 

144 

128 

182 

152 

164 

166 

158 

225 

116 

168 

150 

206 

170 

192 

190 

180 

250 

136 

192 

168 

234 

194 

212 

218 

208 

275 

152 

218 

19S 

252 

222 

244 

246 

232 

300 

176 

248 

214 

302 

244 

286 

268 

262 

325 

196 

274 

238 

336 

268 

308 

300 

284 

350 

216 

300 

262 

364 

298 

338 

326 

316 

375 

236 

328 

290 

393 

318 

372 

350 

342 

400 

258 

356 

316 

436 

356 

410 

384 

372 

425 

290 

398 

354 

476 

382 

446 

420 

404 

450 

316 

432 

380 

518 

418 

492 

462 

438 

475 

354 

434 

578 

462 

548 

508 

484 

500 

396 

520 

478 

618 

502 

602 

568 

532 

525 

454 

594 

540 

693 

564 

682 

648 

598 

550 

536 

722 

678 

842 

698 

826 

782 

700 

577  COO 

Ultimate  L 

oad 

F 

ailure  hy  general  crushing 

of  upper 

half 

of  column. 

Craoks 

first 

appeared  along 

edges 

0 f f lang 

es,  followed  "by 

general 

crushing  "between  flanges. 

Load  of  570 

000  to 

577  000 

pounds 

held 

for  several  minutes. 

UOTS: 

IT,E,S 

, and  17  are  reading  on 

the  concrete 

i 

faces . 
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COLUIilT 

ITO . 8 9 

0 8 

Length: 

4’ 

- 8” 

Core  Section. 

Mixture 

: 1 

: 2 : 4 

Age 

: 59 

Lavs 

Observed  Le format ion 

over  40  3/4  Inches 

Load 

ITU 

IT 

UE 

E 

SE 

S 

SW 

W 

0 0. 

0000 

0.0000 

0.0000 

0.0000  0 

.0000 

0.0000  0. 

0000 

0.0000 

25 

50 

75 

62 

84 

56 

54 

38 

40 

44 

48 

100 

80 

90 

70 

72 

54 

52 

56 

62 

125 

102 

114 

92 

94 

72 

74 

72 

78 

150 

118 

130 

116 

116 

96 

94 

90 

104 

175 

138 

158 

142 

138 

106 

114 

106 

124 

200 

156 

182 

162 

153 

130 

134 

128 

146 

225 

174 

196 

180 

184 

152 

158 

140 

164 

250 

190 

214 

194 

198 

166 

176 

156 

188 

275 

204 

244 

218 

222 

186 

198 

180 

216 

.500 

228 

266 

242 

254 

216 

226 

200 

244 

325 

248 

294 

262 

280 

240 

256 

220 

272 

350 

272 

320 

288 

302 

264 

284 

250 

300 

375 

288 

336 

304 

322 

288 

310 

272 

334 

400 

310 

372 

3.54 

356 

318 

348 

304 

370 

425 

.536 

400 

350 

378 

342 

378 

320 

396 

450 

358 

424 

376 

402 

370 

402 

350 

438 

475 

380 

452 

396 

432 

394 

440 

382 

466 

500 

404 

478 

422 

462 

424 

480 

416 

506 

525 

434 

520 

446 

494 

464 

520 

450 

542 

550 

482 

550 

466 

520 

516 

580 

512 

614 

575 

564 

626 

488 

576 

634 

650 

600 

708 

602  000  Ultimate  Load. 

Failure  "by  general  orushing  over  entire  column. 


LOTS:  U,  E,  S,  and  Tv'  readings  were  taken  on  concrete  faces. 


L 
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CCLUI.HT  jro.  8 9 10 


Length:  10’  — O'’  Plain  Steel 

Ohserved  Leforrnation 

100"  Gauge  Length  30"  Gauge  Length  30"  G.L.  at 


over  Entire  Column 

at 

Center 

of  C 

ol. 

Top 

of  Col. 

Load 

'TTTn 

UE 

SE 

ITU 

EE 

SE 

SU 

rrr^ 

1^  M 

SE 

0 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000  . 

0000 

.0000 

.0000 

.0000 

25 

65 

124 

14 

110 

30 

42 

14 

32 

16 

10 

50 

104 

180 

44 

152 

46 

52 

18 

40 

26 

18 

75 

156 

242 

92 

214 

60 

74 

38 

60 

42 

38 

100 

222 

302 

162 

276 

72 

92 

54 

80 

62 

52 

125 

296 

374 

224 

348 

98 

116 

72 

102 

80 

78 

150 

354 

428 

290 

408 

118 

132 

94 

118 

96 

94 

175 

422 

506 

360 

478 

132 

152 

110 

140 

112 

110 

200 

498 

584 

448 

560 

156 

176 

140 

164 

132 

144 

225 

566 

660 

526 

632 

180 

198 

162 

188 

156 

166 

250 

642 

740 

614 

718 

204 

222 

184 

214 

176 

194 

275 

722 

824 

702 

798 

228 

246 

214 

238 

202 

220 

300 

804 

914 

802 

886 

250 

270 

244 

268 

222 

246 

325 

888 

1004 

890 

972 

274 

292 

276 

294 

244 

274 

350 

1004 

1126 

1024 

1078 

304 

322 

314 

330 

270 

310 

375 

1146 

1262 

1206 

1236 

344 

354 

358 

386 

316 

386 

400 

1408 

1520 

1626 

1592 

410 

402 

556 

500 

362 

486 

410  400  Ultimate  Load 


Gradual  failure.  Column  bent  to  ITorth  also  twisting. 

TTTT-  r 

Uhen  head  of  machine  vms  run  down  crimping  occured  locally  in 
center  panel  and  panel  just  below. 
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COIIJI.HI  HO.  8 9 11 


Length: 


10’  - 0” 

Observed  Leformation 

100”  Gai^e  Length  50”  Gauge  Leng'th 

over  Entire  Column  at  Center  of  Col. 


Plain  Oteel 


50”  G.L. 


Bottom. 


Load 

HU 

HE 

SE 

SU 

HV; 

SH 

SU 

HE 

SU 

0 

.0000  . 

0000. 

.0000 

.0000 

.0000 

.0000  . 

0000 

.0000  . 

cooo 

.0000 

25 

66 

48 

50 

74 

20 

18 

22 

24 

18 

24 

50 

158 

no 

102 

144 

42 

58 

58 

44 

54 

48 

75 

210 

190 

166 

208 

62 

62 

58 

66 

54 

70 

100 

276 

222 

212 

266 

82 

78 

76 

34 

68 

90 

125 

548 

284 

276 

554 

106 

102 

100 

102 

86 

no 

150 

450 

554 

542 

596 

128 

120 

120 

124 

114 

152 

175 

514 

422 

414 

476 

150 

142 

140 

144 

154 

152 

200 

592 

508 

502 

554 

170 

170 

162 

168 

154 

180 

225 

672 

578 

578 

626 

192 

192 

188 

194 

176 

200 

250 

754 

654 

660 

698 

218 

214 

212 

220 

200 

228 

275 

840 

756 

752 

778 

240 

258 

256 

244 

222 

254 

500 

952 

822 

840 

864 

266 

260 

262 

278 

250 

280 

525 

1018 

916 

958 

964 

29S 

288 

290 

506 

276 

512 

550 

1158 

1054 

1052 

1088 

524 

522 

528 

544 

508 

552 

575 

1248 

1150 

1154 

1206 

556 

557 

558 

532 

558 

592 

400 

1452 

1554 

1554 

1426 

400 

' 410 

422 

446 

414 

452 

425  600  Ultimate 

Load 

Column 

bent 

slightly  to 

north 

of  west.  C: 

rimping 

of  both 

west 

flanges 

at  points 

about 

twent37- 

inches 

from 

top. 
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COLUI-IU  NO.  8 9 1 g 

Length:  10'  ~ 0’'  Core  Oeotion, 

luixture:  1:2:4  Age:  60  Lays 

Observed  Leformation  over  100  Inches 


Load 

NT7 

N 

HE 

E 

SE 

S 

su 

7 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

76 

46 

0 

2 

2 

20 

54 

74 

50 

126 

82 

2 

26 

26 

68 

102 

124 

75 

168 

114 

52 

58 

66 

lie 

156 

176 

100 

216 

160 

66 

110 

118 

166 

216 

254 

125 

266 

216 

110 

156 

166 

214 

266 

286 

150 

518 

266 

160 

212 

222 

272 

522 

544 

175 

578 

518 

204 

274 

280 

554 

584 

406 

200 

452 

574 

248 

554 

542 

402 

442 

466 

225 

492 

426 

524 

596 

400 

446 

510 

528 

250 

552 

488 

576 

458 

468 

540 

574 

590 

275 

614 

550 

440 

528 

552 

612 

640 

656 

500 

672 

610 

492 

594 

602 

692 

702 

718 

525 

748 

678 

544 

670 

672 

772 

772 

786 

550 

808 

752 

612 

752 

756 

842 

842 

862 

575 

888 

826 

702 

854 

856 

940 

922 

958 

400 

962 

916 

808 

954 

928 

1024 

1010 

1024 

425 

1050 

1006 

904 

1058 

1028 

1126 

1096 

1112 

450 

1158 

1126 

1024 

1172 

1154 

1260 

1214 

1216 

475 

1554 

1516 

1210 

1554 

1552 

1470 

1408 

1414 

500 

1760 

1614 

1620 

1848 

1706 

1870 

1820 

1854 

510  000  Ultimate  Load 

Concrete  crushed  at  tv/o  levels,  just  above  upper  edge  of 
4th  and  5th  tie  plates.  Signs  of  crushing  on  three  faces  — 

N,  and  E. 


NOTE:  N,  E,  S,  and  U readings  are  taken  on  concrete  faces. 
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COLUI^'T  ITO.  8 9 13 


Lengtli 

: 10’ 

- 0” 

Core  Section. 

Ivlixture:  1 

: 2 : 4 

Age:  62 

Days 

Observed  Deformation 

over 

100  Inches 

Load 

m 

U 

ITE 

E 

SE 

S S77 

W 

0 0 

.0000 

0.0000  0 

.0000 

0.0000  0 

.0000 

0.0000  0.0000 

0.0000 

25 

38 

24 

58 

48 

28 

20  22 

32 

50 

76 

96 

106 

94 

64 

48  76 

70 

75 

114 

132 

142 

132 

110 

94  112 

104 

100 

174 

178 

194 

176 

160 

136  154 

148 

125 

212 

208 

238 

222 

200 

166  192 

190 

150 

262 

248 

280 

266 

242 

206  232 

240 

175 

314 

308 

342 

322 

292 

250  276 

286 

200 

368 

370 

382 

372 

336 

300  324 

338 

225 

422 

424 

438 

434 

396 

344  372 

398 

250 

474 

480 

498 

490 

448 

402  430 

452 

275 

534 

544 

556 

552 

508 

458  482 

508 

300 

590 

606 

618 

612 

568 

522  536 

564 

325 

648 

672 

674 

676 

634 

578  594 

628 

350 

702 

726 

726 

728 

686 

636  648 

686 

375 

768 

808 

800 

800 

750 

700  714 

746 

400 

834 

868 

858 

860 

810 

766  F78 

822 

425 

892 

946 

924 

940 

880 

828  840 

892 

450 

970 

1018 

990 

1004 

950 

912  916 

970 

475 

1046 

1094 

1062 

1086 

1020 

984  994 

1058 

SCO 

1130 

1190 

1140 

1172 

1104 

1068  1076 

1142 

525 

1244 

1288 

1232 

1262 

1206 

1184  1188 

1262 

550 

1418 

1510 

1438 

1476 

1402 

1350  1296 

1446 

584  700  Ultimate  Load 


Failed  v/ith  sharp  hend  in  first  panel  above  bottom. 


ITOTE:  IT,  S,  S,  and  17  readings  were  taken  on  concrete  faces. 


COLUIiU  ITO.  8 9 14 


Zenith:  10^  - 0" 


Plain  Steel 


Observed  Deformation  over  100  Inches 


D,  TT.  Plange 


D.  E.  Flan£;e 


load  1 2 3 Av.  1 2 S Av. 

0 C.OOOO  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000  0.0000 


26 

60 

54 

50 

126 

112 

75 

194 

170 

100 

260 

232 

126 

326 

298 

151 

396 

366 

175 

468 

432 

200 

540 

498 

226 

610 

574 

251 

686 

638 

275 

750 

704 

300 

822 

768 

325 

904 

854 

350 

1002 

944 

375 

1112 

1048 

400 

1302 

1196 

424 

2338 

1448 

66 

60 

88 

128 

122 

142 

188 

184 

200 

254 

248 

258 

318 

314 

314 

380 

380 

380 

444 

448 

440 

514 

518 

506 

582 

588 

576 

654 

660 

656 

730 

728 

718 

804 

798 

784 

890 

881 

880 

983 

978 

978 

1104 

1088 

1094 

1454 

1318 

1268 

1856 

1880 

2344 

88 

104 

94 

162 

162 

156 

226 

270 

232 

286 

302 

282 

360 

372 

348 

432 

448 

412 

494 

520 

484 

566 

590 

554 

636 

674 

628 

710 

750 

706 

778 

838 

773 

842 

910 

846 

928 

1008 

938 

1020 

1118 

1038 

1120 

1246 

1154 

1262 

1440 

1324 

1704 

2252 

2100 

424  000  Ultimate  Load 


Kachine  head  was  not  rim  down,  and  hence  no  observable 
bending  occurred. 


Deadin,p:s  continued  on  following: 
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COLUTvUT  ITO.  R 9 1 4 
f Continued  ) 

Observed  Deformation  over  100  Inches 


3.  E.  Elange  S.  TIT,  Flange 

Load  1 2 3 Av.  1 2 3 Av. 


0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

C.OOOO 

26 

56 

66 

62 

61 

70 

74 

74 

72 

50 

. 98 

120 

108 

108 

124 

128 

132 

128 

75 

154 

180 

166 

166 

194 

190 

200 

194 

100 

200 

226 

220 

216 

254 

236 

258 

250 

126 

268 

284 

280 

278 

322 

304 

322 

316 

151 

332 

350 

346 

• 342 

394 

364 

392 

384 

175 

390 

408 

396 

398 

462 

424 

450 

446 

200 

460 

474 

464 

466 

538 

486 

520 

514 

226 

534 

544 

526 

534 

612 

566 

592 

590 

251 

614 

612 

592 

606 

696 

628 

658 

660 

275 

660 

682 

658 

666 

' 772 

704 

730 

736 

300 

758 

744 

718 

740 

842 

772 

800 

304 

325 

850 

840 

796 

828 

936 

864 

890 

896 

350 

942 

932 

880 

918 

1036 

980 

980 

998 

375 

1076 

1040 

982 

1032 

1152 

1068 

1098 

1106 

40C 

1260 

1170 

1122 

1184 

1320 

1310 

1266 

1299 

424 

2278 

1528 

1652 

1820 

2132 

1516 

2156 

1934 

424  000  Ultimate  Load 
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COLUICT  m,  8 9 15 

Length:  15’  - 4”  "^lain  Steel 

Observed  Leforroation 


150”  Gauge  Length  50”  Gauge  Length  50”  G.L. 

over  Entire  Column  at  Center  of  Col.  Bottom. 


Load 

IIU 

HE 

SE 

O 1 1 

tt; 

HE 

SE 

SU 

TV 

SE 

0 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

25 

112 

60 

114 

48 

32 

32 

26 

42 

42 

50 

216 

156 

202 

110 

66 

60 

67 

46 

76 

70 

75 

316 

262 

294 

176 

94 

100 

97 

72 

112 

98 

100 

428 

366 

398 

270 

130 

134 

129 

98 

148 

134 

125 

532 

462 

500 

366 

166 

172 

157 

128 

182 

168 

150 

652 

582 

616 

470 

206 

212 

197 

166 

222 

212 

175 

782 

704 

742 

584 

244 

254 

233 

194 

264 

250 

200 

900 

820 

860 

690 

280 

288 

273 

228 

302 

294 

225 

1032 

946 

990 

806 

328 

332 

313 

266 

346 

340 

250 

1168 

1084 

1124 

926 

' 364 

382 

359 

298 

383 

386 

275 

1330 

1244 

1270 

1060 

418 

438 

403 

342 

434 

438 

300 

1498 

1412 

1422 

1182 

478 

500 

449 

376 

482 

494 

325 

1702 

1620 

1576 

1278 

532 

578 

489 

404 

538 

552 

350 

2020 

2002- 

1760 

1338 

640 

752 

515 

396 

602 

658 

368  000  Ultimate  Load 

One  angle  of  ST7  flange  was  about  l/4  inch  shorter  than  the 
other  angles  of  the  column,  resulting  in  lower  carrying  capacity 
in  that  flange  and  conseq^uently  for  entire  column. 
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""OLULm  no.  8 9 16 


Len£'th:  15’  - 4” 


Plain  Steel 


Observed  Reformations 


150” 

Gauge  Length 

50 

” Gauge 

Length 

50” 

G.L. 

over 

' Entire  Column 

at 

Center 

of  C 

olumn 

Bottom 

Load 

ns 

SS 

S’,7 

IT”; 

ITS 

SS 

yj  Vi 

ITT 

SS 

0 

.0000  . 

0000 

.0000 

.0000 

.0000 

.0000 

0000 

.0000 

.0000 

.0000 

25 

114 

50 

94 

66 

38 

18 

22 

26 

46 

22 

50 

214 

128 

170 

146 

68 

48 

46 

60 

76 

50 

75 

314 

208 

244 

230 

102 

80 

74 

92 

104 

90 

100 

418 

294 

338 

342 

134 

112 

98 

124 

140 

120 

125 

528 

390 

430 

450 

168 

146 

130 

158 

174 

156 

150 

640 

492 

536 

562 

206 

182 

170 

192 

208 

182 

175 

768 

600 

654 

684 

246 

222 

208 

212 

246 

232 

200 

892 

694 

770 

812 

288 

250 

248 

272 

286 

268 

225 

1030 

802 

892 

944 

334 

294 

294 

338 

326 

306 

250 

1186 

918 

1024 

1084* 

384 

340 

338 

370 

370 

348 

275 

1336 

1038 

1154 

1232 

434 

390 

386 

414 

420 

398 

300 

1506 

1256 

1304 

1412 

488 

436 

434 

470 

476 

456 

325 

1692 

1414 

1458 

1598 

548 

486 

484 

532 

534 

520 

350 

1954 

1602 

1616 

1846 

644 

546 

544 

606 

614 

608 

375 

2634 

1676 

1794 

2424 

906 

580 

582 

876 

754 

748 

376 

000  Ult 

imate 

Load 

Column  deflected  to  north  of  east,  local  failure  (crimping) 
occuring  finally  in  panel  next  below  center  of  column. 


0 
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COLUI-m  NO.  8 9 17 


Length:  15’  - 4’’  Core  Section 

Mixture:  1:2:4  Age:  61  Lays 

Observed  Leforrnation  over  150  Inches 


Load 

m 

N 

NE 

V 

SE 

S 

SW 

W 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

56 

68 

74 

74 

74 

74 

74 

58 

50 

114 

128 

130 

126 

136 

130 

134 

108 

75 

172 

212 

198 

206 

208 

192 

194 

162 

ICO 

254 

296 

274 

290 

298 

270 

254 

234 

125 

326 

372 

354 

374 

376 

336 

328 

294 

150 

412 

468 

482 

486 

482 

422 

412 

362 

175 

490 

558 

556 

582 

584 

518 

504 

460 

200 

584 

662 

642 

688 

690 

610 

598 

542 

225 

662 

748 

740 

800 

802 

722 

704 

626 

250 

754 

848 

820 

910 

908 

826 

796 

716 

275 

844 

950 

920 

998 

1028 

918 

894 

810 

300 

960 

1062 

1004 

1156 

1158 

1048 

1022 

906 

325 

1060 

1184 

1120 

1276 

1288 

1154 

1134 

994 

350 

1166 

1294 

1220 

1414 

1416 

1276 

1260- 

1104 

375 

1290 

1432 

1332 

1560 

1590 

1408 

1402 

1224 

400 

1414 

1572 

1444 

1732 

1742 

1552 

1554 

1346 

425 

1754 

1752 

1508 

1958 

1986 

1772 

1748 

1466 

468  500  Ultimate  Load 


Upper  two  feet  of  column  verjr  generally  crushed. 
Especially  marked  at  and  above  2nd  tie  plate  from  top.  Column 
bent  to  the  north  and  West. 


NOTE:  N,  E.  S,  and  W readings  were  taken  on  concrete  faces. 
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aOLUICT  ISO,  8 9 18 


197 


Length:  15’  — 4”  Core  Section. 

Mixture:  1:2:4  Age:  59  Lays 

Chserved  Lefornations  over  150  Inches 


Load 

IL7 

U 

x'iiL 

E 

SE 

S 

SW 

T7 

C 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0,0000 

25 

54 

72 

92 

38 

70 

56 

28 

24 

50 

90 

126 

152 

152 

150 

114 

82 

68 

75 

158 

188 

214 

208 

190 

178 

156 

150 

100 

214 

252 

270 

284 

268 

240 

220 

200 

125 

296 

524 

554 

562 

552 

526 

298 

276 

150 

580 

400 

418 

450 

450 

418 

576 

548 

175 

442 

472 

510 

510 

556 

502 

484 

440 

HOC 

548 

552 

578 

578 

594 

582 

566 

552 

225 

658 

642 

670 

652 

670 

700 

676 

650 

250 

750 

750 

756 

750 

794 

766 

726 

275 

852 

828 

852 

816 

880 

914 

880 

856 

500 

914 

918 

980 

912 

966 

998 

960 

924 

525 

1018 

1002 

1068 

974 

1070 

1120 

1078 

1054 

550 

1118 

1106 

1154 

1056 

1172 

1212 

1176 

1146 

575 

1214 

1196 

1246 

1154 

1272 

1554 

1500 

1256 

400 

1503 

1514 

1556 

1250 

1586 

1446 

1410 

1560 

425 

1452 

1416 

1470 

1404 

1506 

1578 

1556 

1488 

450 

1548 

1544 

1594 

1510 

1616 

1708 

1664 

1612 

475 

1710 

1662 

1756 

1614 

1746 

1870 

1324 

1986 

500 

1950 

1950 

1963 

1876 

1976 

2084 

2068 

2054 

552  200  Ultimate  Load 


Bottom  of  column  crushed  on  all  sides.  Signs  of 
crushing  also  at  several  levels  near  center  of  column,  hut 
top  shows  few  evidences  of  distress. 


UOTE:  IB7,iTE,SE,  and  SU  readings  were  taken  on  concrete  faces. 


'nf  ■ 01^' 


■/. 


“W  /;■=:  '■?  ,, 


: mmm 


♦ - ^ ’ ■? ' t*  1 t . '■. 

.’1  . • *^  , ' ■■  K ‘^"'\  it  ■■■'.&?■" 


-!? 


** 


4 


')  *j 


'/' 


J.  I w 


*¥.. 


kV 

m 


<tk 


rjif”  • *^-  ^5?*/ -i  ri- 

v j; ' S ” 

,va.  '•'•»&  Vii^i-jflj-  '%I«»W  ■ |:*^i  ' 

**  '*^  • i4yc'‘‘  *-  ■ w-.i^  Ww  . 


{ **>*•.'•  , . 

i}h^- 


;•'.•>  ;{4r/-y  ‘ 4-{,'>  V 


iii!  ■ 

•U,  , ‘X,;  :0  t^^ 

■■ 


• ' , ^ ■ ; . S' ; ■ 4^% 


n. ■ <.  ■ H'  ,!  '1  . Ijjn^  ^♦;^j^c:^;^^ 

%h  ‘ , ' ■ ^ ^ ^ ,•  . 


v'  LUi  7 V ' 


■,{'i-4( 


fte 


W3p';i-  V'  ',  '■  • ‘^f.,  -*  . .‘..  ’^'  '■" 


4^' 


yj9 


198 


COLmUT  HO.  8 9 2 0 

Length:  19'  - 4''  Plain  steel. 

Observed  Lefonnation 


200”  Gauge  Length  60”  Gauge  Length  60”  G.L. 

over  Entire  Column  at  Center  of  Col.  Bottom 


Load 

HU 

HE 

SE 

SU 

HU 

HE 

SE 

^TTT 

HE 

OTTr 

0 

.0000 

.0000 

.0000 

.0000 

loooo 

.0000 

.0000 

.0000 

.0000 

.0000 

25 

118 

73 

154 

102 

30 

20 

34 

68 

16 

46 

50 

232 

158 

182 

340 

68 

42 

70 

112 

38 

88 

75 

366 

370 

414 

470 

'98 

70 

86 

150 

62 

122 

100 

492 

400 

548 

510 

134 

102 

142 

192 

102 

182 

125 

624 

540 

712 

738 

168 

138 

186 

230 

138 

200 

150 

772 

686 

854 

890 

210 

174 

232 

270 

174 

240 

175 

918 

842 

1036 

1042 

252 

222 

284 

322 

240 

284 

200 

1080 

1024 

1214 

1226 

294 

264 

338 

372 

268 

332 

225 

1266 

1210 

1414 

1404 

346 

314 

396 

430 

324 

384 

250 

1438 

1398 

1598 

1590 

398 

348 

454 

486 

382 

434 

275 

1630 

1598 

1812 

1790 

454 

422 

516 

550 

444 

494 

300 

1830 

1810 

2032 

2002 

508 

482 

' 584 

610 

432 

556 

325 

2042 

2026 

2252 

2222 

564 

544 

658 

682 

536 

614 

350 

2256 

2276 

2552 

2464 

618 

614 

762 

798 

594 

692 

374  200  Ultimate  Load 


Column  bent  to  north  and  west,  local  failure  occurring  in 
the  two  center  panels. 
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COLin-HI  no.  8 9 E 1 


Length:  19’  - 4”  Plain  Steel 

Ohserved  Deformation 


200”  Gauge  Length  60”  Gauge  Length  60”  G.L. 
over  Entire  Column  at  Center  of  Col.  Bottom 


Load 

HE 

SE 

TL7 

SE 

' . 

HE 

0 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

.0000 

25 

104 

140 

92 

108 

0 

36 

50 

41 

40 

50 

228 

236 

202 

224 

18 

66 

86 

80 

80 

75 

358 

348 

306 

360 

96 

98 

132 

124 

118 

100 

496 

468 

426 

498 

ICC 

136 

168 

164 

146 

125 

642 

598 

554 

642 

116 

162 

220 

214 

190 

150 

804 

742 

700 

804 

158 

210 

276 

266 

234 

175 

968 

888 

852 

984 

220 

260 

326 

326 

284 

200 

1156 

1048 

1008 

1174 

304 

304 

386 

382 

332 

225 

1372 

1202 

1174 

1380 

368 

354 

458 

446 

390 

250 

1582 

1364 

1340 

1612 

418 

404 

532 

510 

446 

275 

1828 

1522 

1532 

1856 

506 

462 

616 

580 

512 

300 

2068 

1710 

1708 

2126 

590 

526 

714 

648 

574 

325 

2348 

1930 

1900 

2480 

668 

596 

848 

724 

640 

345  200  Ultimate  Load 


Failed  hy  bending  slightly  to  north  of  east. 


HOC 


OCLUI-m  170.  8 9 2 2 

Length:  19^  — 4’^  Gore  Section. 

Mixture:  1:2:4  Age:  60  Lays 

Observed  Deformations  over  200  Inches 


Load  I7TT 

•WT 

J \ Pi 

E 

SE 

S 

SE 

0 

0.0000  0 

.0000  0. 

,0000 

0.0000 

0.0000  0 

.0000 

0.0000 

0.0000 

25 

62 

82 

88 

92 

80 

66 

50 

38 

50 

140 

160 

174 

180 

168 

148 

114 

126 

75 

226 

254 

260 

278 

242 

230 

202 

210 

100 

340 

348 

366 

392 

362 

340 

312 

336 

125 

434 

444 

456 

498 

466 

428 

390 

434 

150 

540 

478 

572 

, 624 

588 

548 

504 

. 554 

175 

656 

676 

692 

734 

700 

646 

614 

670 

200 

774 

814 

838 

384 

830 

786 

730 

880 

225 

902 

9.34 

932 

1000 

944 

910 

850 

902 

250 

1060 

1090 

1096 

1148 

1102 

1060 

1034 

1068 

275 

1236 

1242 

1254 

1300 

1248 

1180 

1148 

1226 

300 

1388 

1400 

1410 

1452 

1398 

1364 

1312 

1376 

325 

1560 

1572 

1576 

1624 

•1538 

1508 

1450 

1562 

350 

1754 

1760 

1748 

1994 

1720 

1648 

1612 

1742 

375 

1938 

1934 

1942 

2000 

1900 

1856 

1740 

1904 

400 

2126 

2120 

2096 

2176 

2060 

1896 

1892 

2082 

491 

400  Ultimate  Load 

Bending 

failure 

G 

rushing 

on  Uest 

face 

top  and 

bottom 

and  on  East  face  at  about  center  of  length. f between  6th  and  7th 
tie  plate  from  top) 


ITOT'E:  E,  E,  8,  and  77  readings  were  taTcen  on  concrete  faces. 


?.01 


GOLUICI  W,  8 9 2 3 


Length:  19’  - 4” 


lixtiire 


Load 


100 

125 

150 

175 

200 


300 

325 

350 

375 

400 

425 

450 

475 


Gore  Section. 
2 * 4 Age:  60  La^rs 
Observed  Deformations  over  200  Inches 


1L7 

IT 

ITE 

E 

SE 

S 

W 

,0000 

0.0000 

0 . 0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

76 

96 

118 

84 

72 

56 

52 

50 

154 

184 

222 

152 

132 

110 

140 

132 

234 

296 

284 

260 

230 

210 

212 

226 

354 

376 

366 

356 

312 

300 

314 

306 

450 

482 

482 

466 

410 

394 

404 

402 

538 

590 

584 

574 

526 

504 

514 

492 

648 

690 

696 

688 

646 

628 

630 

612 

764 

730 

816 

812 

774 

786 

754 

748 

864 

950 

930 

942 

900 

902 

884 

848 

974 

1046 

1048 

1054 

1022 

1026 

992 

968 

1112 

1178 

1180 

1184 

1160 

1136 

1100 

1236 

1284 

1308 

1310 

1248 

1256 

1228 

1356 

1432 

1512 

1426 

1422 

1426 

1396 

1344 

1492 

1576 

1564 

1586 

1572 

1550 

1534 

1474 

1616 

1706 

1704 

1718 

1712 

1688 

1676 

1604 

1752 

1840 

1836 

1870 

1862 

1828 

1840 

1748 

1920 

2012 

1994 

2042 

2028 

1962 

2000 

1906 

2112 

2218 

2204 

2250 

2206 

2062 

2176 

2086 

2410 

2530 

2470 

2536 

2364 

2162 

2270 

2348 

495  500  intimate  Load 

Very  general  failure.  'Crushing  most  noticeable  at 
top  and  bottom. 


DOTE:  L,  E.  S,  and  T readings  were  taken  on  concrete  faces. 
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COLUIO  ITO.  8 9 2 5 


Length:  10’  — 0”  Core  Section, 

fixture:  1:1:2  Age:  61  Lavs 

Observed  reformations  over  100  Inches 


Load 

ITW 

IT 

ITE 

E 

SE 

S 

su 

0 

0.0000 

0.0000 

c.oooc 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

28 

38 

46 

50 

■ 42 

40 

34 

36 

50 

68 

80 

90 

92 

80 

74 

60 

58 

75 

100 

114 

122 

128 

114 

114 

100 

98 

100 

144 

162 

172 

172 

146 

154 

136 

138 

125 

178 

188 

198 

208 

184 

194 

176 

172 

150 

214 

230 

244 

244 

226 

234 

220 

175 

266 

278 

294 

290 

276 

236 

266 

242 

200 

308 

322 

334 

330 

318 

338 

314 

286 

225 

358 

376 

386 

380 

368 

392 

366 

336 

250 

408 

416 

430 

424 

416 

434 

418 

384 

275 

462 

4^70 

482 

478 

466 

494 

466 

434 

300 

503 

516 

536 

530 

522 

548 

522 

490 

325 

560 

566 

612 

592 

572 

602 

572 

538 

350 

612 

622 

640 

648 

630 

658 

634 

598 

375 

654 

672 

694 

696 

678 

714 

684 

640 

400 

, 716 

732 

750 

756 

742 

784 

752 

702 

425 

770 

782 

810 

818 

790 

836 

800 

760 

450 

836 

840 

866 

884 

846 

896 

866 

824 

475 

888 

900 

9.30 

948 

906 

970 

930 

880 

500 

956 

960 

982 

1014 

968 

1010 

994 

946 

525 

1018 

1034 

1060 

1094 

1042 

1100 

1060 

1026 

550 

1088 

1110 

1132 

1176 

1122 

1178 

1144 

1104 

575 

1182 

1210 

1238 

1286 

1232 

1290 

1240 

1212 

600 

1298 

1336 

1370 

1374 

1476 

1382 

1342 

1368 

625 

1564 

1602 

1596 

1672 

1586 

1680 

1684 

1600 

636  000  Ultimate  Load 


Failed  by  general  crushing  of  upper  fifteen  inches  of 
column,  most  marked  ten  inches  from  top. 


H,  K,  S,  and  W readings  were  taken  on  concrete  faces. 


]T0TE: 


205 

COLLLjUT 

UO. 

8 9 2 6 

Length:  10’ 

- 0” 

Core  Section. 

lylixture:  1 : 

1 : 2 

Age:  60  Lays 

Observed  Leformations  over 

o 

o 

H 

Inches 

Load 

UU 

I'i 

Trrri 

E 

vSE 

S 

su  w 

0 

0.0000  0 

.0000 

0.0000  0 

.0000 

0.0000  0 

.0000 

0.0000  0.0000 

25 

28 

52 

54 

43 

28 

24 

18  28 

50 

70 

112 

104 

98 

72 

54 

52  56 

75 

122 

168 

154 

152 

118 

98 

90  100 

100 

162 

210 

202 

204 

164 

124 

118  152 

125 

210 

250 

256 

240 

202 

168 

168  176 

150 

256 

506 

294 

290 

250 

214 

202  228 

175 

508 

552 

554 

558 

296 

260 

254  278 

200 

550 

406 

594 

582 

548 

510 

504  518 

225 

408 

450 

452 

422 

584 

566 

558  572 

250 

450 

500 

478 

478 

452 

410 

592  422 

275 

502 

564 

550 

558 

490 

464 

454  478 

500 

564 

612 

580 

592 

546 

552 

550  554 

525 

618 

670 

640 

660 

602 

592 

574  598 

550 

666 

716 

688 

714 

658 

648 

658  652 

575 

716 

772 

750 

772 

719 

706 

694  706 

400 

774 

858 

798 

852 

774 

766 

746  776 

425 

828 

898 

862 

896 

858 

826 

798  852 

450 

878 

956 

910 

942 

894 

892 

868  894 

475 

956 

996 

978 

1010 

954 

948 

950  956 

500 

998 

1066 

1050 

1072 

1016 

1024 

932  1054 

525 

1066 

1152 

1102 

1158 

1096 

1096 

1066  1110 

550 

1154 

1222 

1158 

1218 

1156 

1170 

1144  1190 

575 

1256 

1526 

1272 

1548 

1284 

1298 

1258  1508 

600 

1562 

1446 

1412 

1488 

1416 

1428 

1568  1458 

625 

1616 

1680 

1612 

1712 

1642 

1652 

1666 

650 

2060 

2108 

2048 

2126 

1846 

2058 

2106 

655  000  Estimated  Ultimate 

Load 

Failure 

did  not  occur 

, hut 

was  very 

t/ 

imminent . 

UOTE: 

yr  < 

J.>. , A , » 

5 , and 

U readings  were  taken 

on  concrete  faces. 
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COLUIvIN  HO.  8 9 E 7 


Length:  10’  — 0”  Oore  Oection 

Mixture:  1:3:6  Age:  59  Lays 

Observed  Deformations  over  100  Inches 


Load 

IT 

HE 

E 

SE 

S 

SW 

m 

II 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

26 

50 

66 

66 

22 

14 

18 

24 

50 

90 

112 

116 

110 

78 

54 

40 

52 

75 

134 

180 

174 

.186 

122 

112 

98 

98 

100 

184 

228 

224 

254 

174 

152 

116 

144 

1E5 

226 

300 

330 

310 

224 

204 

160 

190 

150 

302 

376 

358 

376 

296 

254 

210 

.242 

175 

354 

450 

422 

448 

362 

298 

260 

302 

200 

426 

516 

490 

520 

414 

366 

310 

364 

225 

490 

590 

566 

600 

486 

418 

366 

422 

250 

556 

670 

632 

660 

548 

492 

422 

480 

275 

624 

742 

704 

748 

614 

554 

480 

552 

300 

700 

824 

778 

834 

692 

630 

560 

632 

325 

766 

900 

844 

900 

758 

685 

610 

700 

350 

854 

990 

926 

986 

830 

768 

670 

764 

375 

928 

1080 

998 

1060 

912 

832 

738 

846 

400 

1016 

1174 

1096 

1166 

1008 

914 

820 

928 

425 

1096 

1260 

1182 

1254 

1082 

1014 

906 

1026 

450 

1220 

1364 

1306 

1366 

1188 

1108 

1004 

1118 

475 

1386 

1506 

1486 

1504 

1320 

1230 

1128 

1252 

500 

1530 

1786 

1810 

1756 

1594 

1462 

1380 

1512 

516  000  Ultimate  Load 


Failed  by  local  crushing  at  several  levels  near  center 
of  column,  caused  by  bending. 


ITOTE:  IT,  E,  S,  and  U readings  were  taken  on  concrete  faces. 
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lOLlH/IIT  ITO.  8 9 2 8 


Length:  10’ 

Llixture:  1 


Core  Section. 
Age:  60  Lays 


Observed  Leformations  over  100  Inches 


Load 

HU 

H 

HE 

E 

SE 

S 

0 V 1 

0 0 

.0000 

0.0000 

0.0000 

0.0000 

0.0000 

c.oooo 

0.0000 

c.cooc 

25 

44 

58 

62 

56 

48 

36 

7>Q 

38 

50 

82 

108 

108 

104 

93 

74 

60 

70 

75 

139 

162 

162 

166 

146 

132 

lie 

126 

100 

202 

224 

202 

228 

206 

188 

160 

186 

125 

252 

274 

246 

280 

262 

242 

220 

228 

150 

312 

322 

292 

340 

322 

306 

276 

292 

175  ' 

374 

386 

340 

400 

384 

372 

338 

356 

200 

438 

458 

388 

472 

454 

440 

396 

428 

2E5 

496 

514 

444 

540 

520 

506 

460 

488 

250 

556 

568 

498 

620 

590 

576 

526 

548 

275 

618 

642 

562 

692 

656 

644 

594 

626 

300 

678 

700 

620 

770 

738 

720 

638 

686 

325 

746 

772 

684 

850 

812 

792 

724 

758 

350 

810 

840 

760 

948 

910 

882 

798 

826 

375 

882 

916 

828 

1028 

986 

956 

882 

906 

400 

942 

994 

916 

1134 

1074 

1052 

954 

972 

425 

1018 

1088 

1004 

1222 

1166 

1122 

1042 

1050 

450 

1096 

1172 

1110 

1362 

1248 

1258 

1134 

1168 

475 

1166 

1292 

1254 

1568 

1310 

1396 

1240 

1222 

500 

530 

1306 

1566 

1548 

4072 

1720 

1660 

1652 

1538 

3000 

1406 

530  500  Ultimate  Load 

Failed  hy  crushing  at  lower  end. 


Sharp  bend  produced 


i!l  " 


about  eighteen  inches  from  base  on  running  dovm  machine  head 


TTOLE: 


±\i . r. 


, S,  and  U readings  were  taken  on  concrete  faces 
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COLULn  ITO.  8 9 2 9 


Len£;th;  10’  — 0”  2”  "fireproofing 

Mixture:  1:2:4  Age:  60  Davs . 

Deformations  Observed  over  100  Inches 


Load 

m 

IT 

SE 

S 

QTT 

O • V 

TTT 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

48 

60 

38 

10 

24 

28 

40 

50 

84 

98 

58 

18 

40 

56 

72 

75 

128 

138 

94 

66 

80 

98 

114 

100 

160 

168 

132 

90 

120 

132 

154 

125 

202 

212 

156 

128 

150 

174 

ooo 

^ o o 

150 

242 

252 

190 

168 

186 

220 

240 

175 

292 

292 

218 

192 

224 

266 

236 

200 

334 

326 

256 

236 

240 

308 

336 

225 

382 

378 

288 

292 

318 

364 

392 

250 

426 

420 

338 

332 

364 

406 

436 

275 

480 

464 

370 

372 

418 

466 

496 

300 

522 

502 

416 

420 

466 

516 

546 

325 

594 

542 

452 

466 

512 

572 

606 

350 

628 

586 

498 

530 

566 

628 

656 

375 

680 

644 

540 

572 

618 

686 

706 

400 

726 

682 

600 

624 

668 

732 

756 

425 

782 

740 

638 

672 

720 

800 

816 

450 

834 

780 

688 

732 

774 

856 

872 

475 

900 

850 

742 

786 

832 

920 

936 

500 

956 

900 

804 

846 

898 

982 

994 

525 

1024 

978 

856 

896 

958 

1056 

1074 

550 

1086 

1032 

916 

956 

1020 

1126 

1140 

575 

1190 

1134 

988 

1024 

1090 

1224 

1226 

600 

1300 

1240 

1086 

1128 

1208 

1340 

1356 

0 

254 

238 

126 

182 

226 

300 

322 

ITo  failure  under  repetition  of  load  four  times. 
Only  two  small  cracks  developed  during  test. 
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COLUIJIT  ITO.  8 9 3 0 


Length:  10’  — 0”  2’’  Fireproofing 

luixture:  1:2:4  Age:  60  Lays 

Observed  Deformations  over  100  Inches 


Load 

ITU 

IT 

HE 

E 

SE 

S 

0 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

o.ooco 

25 

36 

64 

80 

78 

54 

28 

8 

12 

50 

70 

96 

140 

126 

100 

64 

38 

34 

75 

118 

166 

200 

178 

142 

88 

62 

62 

ICO 

148 

206 

242 

216 

202 

142 

100 

96 

125 

188 

250 

296 

282 

250 

176 

138 

124 

150 

222 

290 

344 

340 

304 

226 

172 

160 

175 

274 

344 

400 

410 

374 

276 

232 

198 

200 

314 

394 

456 

468 

432 

336 

276 

244 

225 

360 

440 

500 

516 

478 

334 

324 

280 

250 

410 

484 

568 

588 

556 

450 

378 

334 

275 

460 

540 

610 

630 

604 

506 

430 

380 

300 

512 

580 

666 

688 

666 

564 

484 

428 

325 

566 

634 

720 

746 

726 

616 

540 

484 

350 

618 

662 

776 

810 

786 

676 

592 

532 

375 

678 

740 

836 

884 

858 

748 

640 

586 

400 

726 

792 

890 

946 

918 

812 

706 

632 

425 

796 

862 

948 

1014 

990 

866 

768 

696 

450 

854 

910 

1022 

1094 

1072 

942 

824 

754 

475 

918 

978 

1092 

1156 

1144 

1006 

894 

818 

500 

978 

1042 

1174 

1248 

1240 

1104 

968 

878 

525 

1058 

1132 

1268 

1340 

1336 

1182 

1058 

962 

550 

1132 

1198 

1354 

1442 

1436 

1290 

1134 

1036 

575 

1242 

1314 

1458 

1556 

1570 

1394 

1260 

1148 

600 

1362 

1422 

1608 

1732 

1768 

1582 

1404 

1270 

625  1598  1608  1824 

630  700  Ultimate  Load 

2010 

2120 

1916 

1714 

1534 

Load  dropped  off  very  rapidly  till  565  000  pounds  was 
reached  which  was  held  for  12  — 15  minutes  and  v/as  probably 
the  core  strength.  Outer  shell  gradually  broke  up  and 
finally  split  off  for  the  lower  three  feet  of  the  column. 
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CCLUivnT  I'TO.  8 9 3 1 


Length:  10’  — 0”  2”  Fireproofing 

Mixture:  1:2:4  Age:  60  Lays 

Observed  Le format ions  over  100  Inches 


Lo  a d 

IT 

m 

•E 

SE 

S 

STT 

T7 

ry 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

25 

— 

44 

48 

44 

40 

16 

12 

20 

50 

— 

82 

00 

70 

72 

42 

36 

38 

75 

— 

118 

114 

96 

106 

74 

70 

100 

100 

— 

144* 

140 

126 

128 

106 

103 

142 

125 

180 

162 

180 

164 

176 

148 

148 

180 

150 

212 

226 

220 

214 

218 

188 

192 

230 

175 

256 

266 

256 

254 

252 

230 

242 

284 

200 

296 

308 

298 

280 

304 

282 

286 

324 

225 

356 

358 

340 

324 

344 

332 

344 

376 

250 

400 

400 

382 

376 

396 

376 

386 

412 

275 

460 

456 

426 

416 

444 

430 

444 

462 

300 

512 

494 

478 

472 

502 

480 

502 

498 

325 

578 

554 

520 

512 

562 

538 

566 

544 

350 

638 

614 

5R2 

574 

618 

596 

636 

604 

375 

718 

682 

640 

620 

674 

656 

712 

684 

400 

790 

736 

706 

694 

• 744 

718 

7va 

425 

874 

810 

762 

744 

814 

782 

844 

450 

944 

874 

834 

816 

884 

850 

908 

475 

1036 

956 

898 

874 

948 

920 

996 

500 

1116 

1026 

9^8 

956 

1028 

996 

1078 

525 

1232 

1118 

1056 

1022 

1110 

1068 

1178 

550 

1348 

1214 

1158 

1118 

1214 

1178 

1284 

575 

1510 

1360 

1266 

1232 

1328 

1278 

1436 

600 

1690 

1500 

1428 

1368 

1478 

1450 

1618 

625 

635 

2046  1842  1690 

700  Ultimate  Load 

1614 

1714 

1856 

1942 

Load  dropped  ouite  rapidly  to  570  400  pounds^fand  then 
rose  very  gradually  to  572  800  pounds,  which  may  be  considered 
the  strength  of  the  column  core.  Outer  shell  finally 
peeled  off  at  the  middle  of  the  column  length. 
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COLTOIil  JTO.  8 9 3 3 

Length:  10’  - 0”  3/4  % Opiral, 

Mixture:  1:2:4  Age:  60  Lays. 

Observed  Leformation  over  95,6  Inches 


Load 

If 

B 

S 

W 

0 

0.0000 

0.0000 

0.0000 

0.0000 

25 

70 

52 

28 

28 

50 

90 

96 

46 

58 

75 

132 

136 

98 

94 

100 

176 

184 

114 

122 

125 

204 

228 

148 

158 

150 

246 

282 

196 

202 

175 

298 

328 

234 

244 

200 

342 

372 

280 

290 

225 

386 

434 

330 

332 

250 

432 

490 

378 

376 

275 

492 

544 

430 

434 

300 

536 

600 

486 

476 

325 

596 

652 

528 

526 

350 

656 

720 

594 

584 

375 

690 

774 

632 

628 

400 

748 

834 

688 

682 

425 

806 

894 

740 

736 

450 

864 

956 

802 

786 

475 

934 

1034 

864 

840 

500 

1004 

1108 

938 

906 

525 

1084 

1202 

1008 

976 

550 

1164 

1254 

1080 

1046 

575 

1308 

1428 

1168 

1138 

600 

1528 

1648 

1338 

1276 

0 

458 

390 

330 

220 

Mfiiximum  load  applied  five  times  disclosed 
stable  stress  conditions  in  column. 


COLIJIJIT  ITO 


8 9 3 4 


Length:  10'  - 0"  3/4  % Spiral 

Mixture:  1:2:4  Age:  6C  Lays. 

Observed  Leforraation  over  100  Inches 


Load 

I7W 

LE 

SE 

S7; 

0 

0.0000 

0.0000 

o.oooc 

0.0000 

25 

40 

68 

22 

24 

50 

66 

112 

54 

46 

75 

98 

156 

82 

76 

100 

134 

208 

126 

106 

125 

180 

254 

170 

140 

150 

206 

302 

222 

170 

175 

260 

354 

272 

224 

200 

300 

410 

334 

266 

225 

346 

460 

386 

320 

250 

404 

520 

446 

362 

275 

460 

588 

510 

422 

300 

490 

650 

570 

470 

325 

558 

718 

648 

544 

350 

606 

790 

708 

592 

375 

670 

858 

802 

666 

400 

736 

934 

878 

736 

425 

794 

1012 

958 

796 

450 

848 

1096 

1046 

866 

475 

930 

1184 

1146 

962 

500 

1006 

1310 

1266 

1054 

525 

1106 

1430 

1380 

1156 

550 

1216 

1590 

1548 

1278 

575 

1356 

1766 

1686 

1436 

600 

1544 

2060 

0 

0 

1648 

0 

510 

928 

932 

476 

Stable  stress  conditions  in  column 


COLUIuIT  no.  8 9 3 5 


Oil 


Length : 
Mixture 

10"  - 0” 

: 1:2:4 

Observed  Deformations 

3/4  fo  Spiral 
Age : 59  Days 

over  100  Inches 

Load 

n 

E 

S 

W 

0 0 

.0000 

0.0000 

0.0000  0 

.0000 

25 

42 

42 

30 

34 

50 

70 

80 

58 

66 

75 

112 

126 

102 

100 

100 

142 

162 

134 

134 

125 

188 

200 

176 

176 

150 

222 

242 

212 

212 

175 

280 

292 

262 

256 

200 

320 

348 

318 

306 

226 

372 

398 

360 

350 

250 

410 

452 

414 

394 

275 

462 

502 

466 

450 

300 

512 

556 

518 

492 

325 

568 

610 

574 

544 

350 

612 

666 

634 

594 

375 

664 

722 

686 

636 

400 

718 

790 

738 

690 

425 

772 

844 

800 

736 

450 

824 

904 

858 

788 

475 

864 

966 

914 

836 

500 

928 

1022 

972 

896 

525 

990 

1114 

1054 

956 

550 

1056 

1176 

1120 

1024 

575 

1132 

1282 

1222 

1086 

600 

1236 

1416 

1336 

1174 

0 

160 

296 

296 

158 

Haximiim  load  applied  three  times 


COLUT'-ITT  nC.  8 9' 

Length:  10'  - 0" 

Mixture : 1 : E : 4 


Observed  Deformations 


Load 

IT 

S 

0 

0.0000 

0.0000 

0.0000 

25 

54 

14 

20 

50 

90 

58 

42 

75 

128 

94 

90 

100 

170 

140 

116 

125 

216 

180 

168 

150 

260 

222 

204 

175 

514 

262 

260 

200 

552 

518 

292 

225 

412 

562 

546 

250 

450 

416 

402 

275 

496 

460 

444 

500 

546 

522 

506 

525 

608 

580 

570 

550 

656 

640 

626 

575 

722 

694 

690 

400 

776 

754n 

746 

425 

852 

806 

802 

450 

894 

874 

862 

475 

968 

952 

940 

500 

1056 

1020 

1008 

525 

1102 

1116 

1098 

550 

1184 

1216 

1184 

575 

1508 

1582 

1542 

600 

1548 

1600 

1522 

625 

1872 

1978 

1822 

0 

768 

782 

662 

SIE 


r5/4  fo  Spiral 
Age:  60  Days, 

over  95,8  Inohes 


0.0000 

40 

74 

no 

14E 

188 

2E6 

E78 

518 

576 

414 

464 

518 

574 

6E8 

676 

734 

784 

848 

908 

978 

1040 

1154 

1240 

1452 

1674 

600 


Stable  stress  condition  in  column 
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GOLUI^a;  ITO.  8 9 3 7 


Length : 

10*  - 

- O’* 

1 /o  Spiral 

Mixtiire : 

1 : 

2 : 4 

Age : 60  DajJ^s 

Observed  Deformations 

over  100  Inches 

Load 

IT 

E 

S 

W 

0 0 

.0000 

0.0000 

0.0000 

0.0000 

25 

40 

40 

34 

36 

50 

72 

79 

68 

72 

75 

110 

96 

108 

100 

100 

152 

132 

146 

142 

125 

194 

176 

182 

180 

150 

234 

220 

216 

216 

175 

286 

268 

264 

260 

200 

334 

324 

308 

304 

225 

382 

370 

358 

356 

250 

426 

428 

404 

398 

275 

474 

484 

453 

450 

300 

532 

538 

510 

492 

325 

584 

596 

564 

540 

350 

632 

650 

618 

592 

375 

688 

712 

672 

646 

400 

734 

766 

724 

696 

425 

796 

834 

788 

748 

450 

832 

898 

848 

802 

475 

918 

966 

908 

864 

500 

986 

1048 

978 

926 

525 

1050 

1122 

1042 

964 

550 

1136 

1228 

1130 

1028 

575 

1240 

1366 

1230 

1090 

600 

1424 

1584 

1390 

1210 

0 

306 

470 

294 

156 

Maxiraiim  load  applied  three  times. 


COLUIvOT  :io. 


8 9 3 8 


Lengtli: 

Mixture 


Load 


25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

325 

350 

375 


400 

425 

450 

475 

500 

525 

550 

575 


600 


0 


1 fo  Spiral 

1*^*4  Age : 59  Lays . 

Observed  reformations  over  99,4  Inches 


m 

m 

SE 

SW 

0.0000 

0.0000 

0.0000 

0.0000 

22 

12 

52 

64 

46 

38 

84 

98 

88 

72 

130 

142 

154 

104 

166 

192 

172 

144 

216 

242 

212 

194 

270 

294 

252 

234 

316 

340 

294 

2’7R 

372 

398 

338 

332 

430 

456 

374 

382 

460 

514 

408 

424 

544 

576 

438 

472 

614 

634 

474 

534 

690 

692 

488 

592 

756 

752 

498 

648 

824 

818 

536 

708 

890 

890 

578 

768 

944 

964 

628 

836 

1024 

1050 

67E 

904 

1086 

1118 

730 

996 

1166 

1196 

792 

1096 

1260 

1284 

836 

1196 

1348 

1392 

912 

1346 

1480 

1518 

1076 

1580 

1652 

1740 

74 

464 

502 

558 

Stable  stress  condition  in  column 


8 9 3 4 
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COLUIilT  m. 

Sec5ond  Test  flilade  at 


Lehigh  University) 


Length:  10’  - 0” 

Mixture : 1:2:4 

O'bserved  Deformations  over 

3/4  fo  Spiral 
Age : 138  Days , 

100  Inches  Av.  Unit 

Load 

IT 

E 

S 

U 

Deformation 

3 0 

.0000 

0.0000 

0.0000 

0,0000 

0.000000 

55 

60 

92 

88 

72 

78 

107 

154 

212 

184 

140 

172 

205 

336 

412 

398 

332 

370 

303 

510 

606 

544 

514 

544 

403 

618 

794 

796 

684 

724 

508 

882 

998 

934 

876 

936 

528 

928 

1044 

1036 

1044 

1012 

560 

974 

1102 

1086 

1092 

1064 

607 

1054 

1190 

1174 

1166 

1146 

632 

1104 

1244 

1226 

1206 

1196 

660 

1162 

1316 

1290 

1262 

1258 

678 

1222 

1410 

1374 

1310 

1328 

702 

1394 

1564 

1502 

1464 

1480 

726 

1616 

1766 

1676 

1660 

1680 

752 

1846 

2002 

1892 

1914 

1914 

773 

2162 

2306 

2154 

2160 

2196 

800 

2786 

2922 

2724 

2630 

2778 

825 

3680 

3752 

3224 

3388 

3510 

850 

4820 

4728 

4004 

4290 

4460 

856 

5202 

4962 

4128 

4584 

4720 

Load  of  i 

340  000  applied 

and  released  thr 

ee  times 

840 

6380 

5886 

4688 

4904 

5464 

2 

5010 

4476 

3378 

3600 

4116 

Column 

was  very 

close  to 

ultimate 

load.  Harked 

spalling 

and  G 

iracking  occurred 

at  top  of 

column  and  also 

(less  narked)  at  ‘bottom  of  column. 
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COLUMH  no.  8935 
Second  Test  fl.Iade  at  Lehigh  Universitj) 


Length: 

10'  - 0" 

3/4 

Spiral 

Mixture 

: 1:2: 

4 

Age : 

152  Days 

Observed  Deformation 

over  100 

Inches 

Av.  Unit 

Load 

IT 

E 

S 

W 

Deformation 

3 

0.0000  0 

.0000 

0.0000  0 

.0000 

0.000000 

103 

204 

196 

164 

182 

186 

203 

440 

410 

378 

386 

404 

303 

638 

610 

570 

578 

600 

402 

832 

798 

744 

752 

782 

506 

1024 

988 

918 

930 

964 

529 

1072 

1026 

956 

972 

1006 

555 

1122 

1066 

996 

1016 

1050 

580 

1170 

1106 

1040 

1056 

1092 

602 

1202 

1144 

1074 

1094 

1128 

630 

1254 

1198 

1126 

1138 

1180 

655 

1310 

1274 

1198 

1190 

1242 

679 

1392 

1388 

1298 

1250 

1332 

702 

1540 

1566 

1450 

1356 

1478 

728 

1730 

1758 

1630 

1490 

1652 

750 

1922 

2040 

1820 

1626 

1852 

772 

2226 

2402 

2100 

1800 

2132 

799 

2780 

3148 

2564 

2098 

2648 

825 

3774 

4078 

3308 

2628 

3448 

Load  of  830  OQO  applied  and  released  five  times 

828  4876  5870  4242  3228  4554 

2 3568  4542  2934  1924  3242 


Concrete  spalled  badly  near  bottom  of  column  but  the 
ultimate  load  was  not  reached. 
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COLUMH  HO.  8956 
Second  Test 


Length:  10’  — 0”  3/4  Spiral 

Mixture : 1:2:4  Age : 163  Hays 


Observed 

Deformation 

over 

95,8  Inches 

Av.  Unit 

Load 

IT 

•R 

S 

17 

Deformation 

0 

0.0000 

0.0000  0, 

.0000 

0.0000 

0.000000 

60 

56 

106 

148 

78 

101 

ICO 

122 

192 

250 

140 

180 

150 

216 

296 

540 

228 

282 

200 

512 

412 

460 

554 

398 

250 

418 

558 

580 

454 

515 

500 

514 

652 

702 

550 

628 

550 

618 

774 

810 

626 

741 

400 

722 

892 

950 

750 

856 

450 

828 

1012 

1048 

840 

976 

500 

956 

1132 

1160 

952 

1090 

525 

992 

1198 

1222 

988 

1160 

550 

1046 

1306 

1290 

1022 

1220 

575 

1126 

1442 

1400 

1062 

1317 

600 

1254 

1624 

1556 

1116 

1440 

0 

124 

490 

504 

- 40 

250 

Second 

218 

COLUim  no.  8 9 3 7 

Test  (Made  at  Lehigh  University) 

Length.: 

10'  - 

0" 

1 

fo  Spiral 

Mixture : 

1 : 

2 : 4 

Age: 

159  Days 

Observed  Leforaation 

over  100  Inches 

Ay.  Unit 

Load 

rr 

E 

S 

ViT  Deformation 

2 

0.0000 

0.0000 

0.0000 

0.0000 

0.000000 

55 

106 

78 

86 

110 

96 

103 

196 

168 

170 

210 

186 

EOO 

408 

362 

372 

420 

390 

304 

618 

570 

586 

632 

602 

400 

798 

750 

762 

808 

780 

499 

980 

924 

934 

952 

5S5 

1026 

970 

982 

992 

554 

1078 

1020 

1034 

1044 

600 

1152 

1102 

1108 

1120 

626 

1198 

1146 

1158 

1176 

1170 

652 

1290 

1212 

1248 

1264 

11254 

673 

1592 

1316 

1366 

1378 

1364 

702 

1528 

1462 

1506 

1510 

1496 

723 

1694 

1630 

1668 

1658 

1662 

752 

1892 

1840 

1880 

1842 

1864 

775 

2182 

2140 

2176 

2118 

2154 

804 

2552 

2538 

2566 

2460 

2528 

819 

2848 

2866 

2870 

2720 

2836 

829 

3056 

3108 

3080 

2900 

3036 

Load 

of  830  000  applied  and 

released  three 

times 

830 

3616 

3068 

3676 

3310 

3418 

4 

2262 

1762 

2478 

2016 

2130 

Ho  decided 

signs  of 

failure 

were  observed. 
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CTOLUI'HT  HO.  3 9 3 7 

Third  Test  ( Ifede  at  Lehigh  University  ) 

i^ength:  10’  — 0”  Core  Section  (Spiral  removed) 

Llixture:  1:2:4  Age:  180  Days 

Observed  deformations  over  100  Inches 


hoad 

HT 

HE 

SE 

ST 

Av.  Unit 
Deformation 

0 

0.0000 

0,0000 

0.0000 

0.0000 

O.OOOCCO 

103 

218 

192 

122 

150 

170 

200 

430 

392 

264 

316 

350 

301 

634 

590 

414 

488 

532 

400 

826 

770 

566 

656 

704 

498 

992 

956 

720 

810 

870 

598 

1206 

1146 

882 

978 

1052 

698 

1628 

1496 

1070 

1192 

1346 

714 

2332 

2090 

1282 

1520 

1806 

714  000 

Ultimate 

load 

Failed  by  buckling  of  steel  and  crushing  of  concrete 
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COLUI'iar  ISO,  8 9 3 8 

Second  Test  (Made  at  Lehigh  University) 


Length:  10*  - 0"  1 ^ Spiral 

Mixture:  1:2:4  Age:  143  Lays 

Observed  Lefornation  over  99.6  Inches  Av.  Unit 


Load 

m 

IE 

SE 

SW 

Lefornation 

3 

0.0000 

0.0000 

0.0000 

0.0000 

0.000000 

58 

96 

112 

88 

82 

94 

106 

198 

208 

176 

194 

206 

396 

404 

362 

388 

303 

582 

584 

536 

568 

410 

782 

794 

724 

766 

510 

946 

936 

940 

890 

940 

532 

996 

1030 

974 

932 

984 

560 

1038 

1084 

1014 

972 

1028 

583 

1080 

1120 

1058 

1014 

1068 

608 

1124 

1166 

1096 

1056 

1120 

636 

1176 

1216 

1140 

1104 

1160 

666 

1240 

1306 

1196 

1152 

1224 

697 

1362 

1456 

1296 

1334 

1336 

728 

1604 

1682 

1470 

1422 

1544 

749 

1824 

1920 

1658 

1594 

1748 

776 

2174 

2264 

1936 

1874 

2062 

800 

2688 

2766 

2300 

2244 

2500 

825 

3488 

2844 

2808 

2818 

•3090 

Load 

of  826 

000  applied  and 

released 

three  tines 

827 

4484 

4156 

3300 

3418 

3840 

2 

3168 

2830 

2054 

2154 

2552 

Uo  decided  signs  of  failure  v/ere  observed. 


